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Kudzai Farai Kaseke 
 
A STABLE ISOTOPE APPROACH TO INVESTIGATE ECOHYDROLOGICAL 
PROCESSES IN NAMIBIA 
 
Drylands cover 40% of the earth’s terrestrial surface supporting over 2 billion 
people, the majority of whom reside in developing nations characterised by high population 
growth rates. This imposes pressure on the already limited water resources and in some 
dryland regions such as southern Africa, the origins and dynamics of rainfall are not well 
understood. Research has also tended to focus on factors limiting (e.g., rainfall) than 
sustaining productivity in drylands. However, non-rainfall water (NRW) e.g., fog and dew 
can supplement and/or exceed rainfall in these environments and could potentially be 
exploited as potable water resources. Much remains unknown in terms of NRW formation 
mechanisms, origins, evolution, potability and potential impact of global climate change 
on these NRW dependent ecosystems.  
Using Namibia as a proxy for drylands and developing nations, this dissertation 
applies stable isotopes of water (δ2H, δ18O, δ17O and d-excess), cokriging and trajectory 
analysis methods to understand ecohydrological processes. Results suggest that locally 
generated NRW may be a regular occurrence even in coastal areas such as the Namib 
Desert, and that what may appear as a single fog event may consist of different fog types 
co-occurring. These results are important because NRW responses to global climate change 
is dependent on the source, groundwater vs. ocean, and being able to distinguish the two 
will allow for more accurate modelling. I also demonstrate, that fog and dew formation are 
controlled by different fractionation processes, paving the way for plant water use strategy 
studies and modelling responses to global climate change. The study also suggests that 
current NRW harvesting technologies could be improved and that the potability of this 
water could raise some public health concerns related to trace metal and biological 
contamination. At the same time, the dissertation concludes that global precipitation 
isoscapes do not capture local isotope variations in Namibia, suggesting caution when 
applied to drylands and developing nations. Finally, the dissertation also reports for the 
first time, δ17O precipitation results for Namibia, novel isotope methods to differentiate 
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synoptic from local droughts and suggests non-negligible moisture contributions from the 
Atlantic Ocean due to a possible sub-tropical Atlantic Ocean dipole.  
 
Lixin Wang, Ph.D., Chair 
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CHAPTER 1: INTRODUCTION 
 
Drylands are water scarce regions, often defined on the basis of the ratio of mean 
annual precipitation to mean annual evaporative demand (UNEP and Thomas 1992, Wang 
et al. 2012, Ojima et al. 1993). They account for over 40% of the earth’s terrestrial surface 
(Slaymaker and Spencer 1998), and despite the limitations to productivity imposed by 
water scarcity (Louw and Seely 1982, Whitford 2002), contribute about 40% of global net 
primary productivity (Grace et al. 2006). In these ecosystems, non-fall water (e.g., fog and 
dew) is an important component of the hydrological cycle that can exceed annual rainfall 
(Agam and Berliner 2006, Wang et al. 2016, Kidron et al. 2011). It is thus not surprising 
that the ecophysiology of desert organisms is adapted to obtaining non-rainfall water 
(Henschel and Seely 2008). However, rainfall is still the major water input and driver of 
biological processes in these ecosystems (Noy-Meir 1973, Li et al. 2016), thus non-rainfall 
water plays a supplementary role and sustains flora and fauna during the absence of rainfall 
(Seely et al. 2005). Despite its acknowledged importance, non-rainfall water is often the 
least studied component of the hydrological cycle as research often focuses on limiting 
factors rather than factors sustaining productivity. Therefore, there are large gaps in 
knowledge related to the origins and formation mechanisms of non-rainfall water 
especially in drylands.  
It is often assumed that non-rainfall water in coastal drylands is advected from the 
ocean (Olivier 1995, Dawson 1998), but many dryland regions have groundwater resources 
(Yang et al. 2010, Houston 2002) that could contribute to non-rainfall water in these areas 
(Cereceda et al. 2002, Eckardt et al. 2013). However, we are not aware of any systematic 
studies that have investigated this possibility. How fog and dew will change in the future 
is dependent on their formation and origins, groundwater versus ocean. At the same time, 
because non-rainfall water is often not well characterised, most ecological studies tend to 
group fog and dew as the same input (Brown et al. 2008), although they are different 
meteorological phenomena. This distinction is important because vegetation may be 
differentially adapted to harvesting fog and dew (Roth-Nebelsick et al. 2012, Ebner et al. 
2011, Esler et al. 1999). Therefore, the increase in frequency of one of these components 
does not necessarily translate to the same species composition or distribution. To better 
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understand plant functioning under current or future climates and develop sound ecological 
models for arid environments, it is therefore important to identify the origins non-rainfall 
water and be able to differentiate non-rainfall components.  
Advective fog is a prominent feature of the south-west coast of Africa (Olivier 
2004, Jacobson et al. 2015, Seely 1979) and is thought to be the architect of the Namib fog-
zone, an area of the most visible impacts of fog on ecophysiology extending up-to 60 km 
inland (Seely 1979, Lancaster 1984, Olivier 1995, Hamilton and Seely 1976). However, 
there is speculation that other fog types may be a regular occurrence, especially along 
ephemeral rivers and other low laying areas (Eckardt et al. 2013). Furthermore, fog 
classification is often subjective (George 1951, Tardif and Rasmussen 2007) and may be 
complicated by co-occurrence of different types of fog over large geographic areas (Bari 
et al. 2016). There is thus a need for an objective method to classify fog as we may be 
under-estimating the significance of other fog types, which might hinder modelling of the 
potential impact of global climate change on these fog dominated environments. For 
example, satellite imagery and models tend to underestimate fog occurrence in the Namib 
Desert, especially inland (Haensler et al. 2011). This could be related to the formation of 
locally generated fog that may not be detectable from satellite imagery. If and how this 
locally generated fog combines with advective fog is unclear and so is the composition of 
this fog. This is surprising given the ecohydrological significance of fog to many arid and 
semi-arid ecosystems, coastal regions and tropical montane forests (Schemenauer and 
Cereceda 1991, Dawson 1998, Ebner et al. 2011, Nørgaard et al. 2012, Li et al. 2018). 
However, this has not prevented efforts to model the potential impacts of global climate 
change on fog dominated systems. For example, fog frequency in the Namib Desert is 
predicted to increase at the coast and decrease inland (Haensler et al. 2011). This will 
undoubtedly impact flora and fauna species composition and distribution negatively, 
especially inland. However, because these models are based on the assumption that 
advective fog is the only fog type affecting this region, they may be overly simplistic and 
or dramatic in their predictions. Therefore, it is important to determine the spatial 
distribution and evolution of fog, which should allow for the generation of more realistic 
models.  
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Given the importance of non-rainfall water to dryland ecosystems, its potential as 
a potable source of water has been acknowledged since ancient times e.g., the legend of 
the rain tree of Ferro Island (Hutchinson 1919). Even more recently, there has been strong 
interest in utilising fog and dew as supplementary water resources (Schutte 1971, 
Fessehaye et al. 2014, Abdul-Wahab et al. 2007a, Muselli et al. 2006, Schemenauer and 
Cereceda 1994, Sharan et al. 2017). However, whereas most research and reviews suggest 
that this water is potable (Klemm et al. 2012, Abdul-Wahab et al. 2007b, Sharan et al. 
2011), fog and dew quality is a function of air quality and gas-liquid-solid heterogeneous 
interactions (Herckes et al. 2007, Lekouch et al. 2011, Nath and Yadav 2017). Therefore, 
non-rainfall water could be susceptible to trace metal contamination which could be of 
concern to human health. However, most of the non-rainfall water studies do not conduct 
any trace metal or biological analyses thus we do not know the extent of this problem. At 
the same time, fog and dew harvesting technologies have been driven by convenience and 
local availability than innovation, thus these technologies and harvesting could be 
improved by the use of materials specifically designed for fog and or dew harvesting 
(Sharan et al. 2017). Therefore, we provide a perspective on fog and dew harvesting 
improvements and concerns on potability.  
Despite the potential of non-rainfall water as potable water resources, they are 
unlikely to replace traditional water sources in drylands. Drylands support 1.2-2 billion 
people (WWAP 2012, Gilbert 2011, MEA 2005), 90% of whom reside in developing 
nations with population growth rates above the global average, exacerbating the already 
tight limitations imposed by water availability on water and food security in these regions  
(Wang et al. 2012). Given the threat of global climate change, the response of dryland 
ecosystems is therefore important as global water resources are inherently related to and 
affected by population growth (Vörösmarty et al. 2000). Water scarcity is thus one of the 
major threats to mankind in the 21st century (Prinz 2000) and there is a need to understand 
hydrological processes at both global and local scales to create an inventory of available 
water resources and encourage efficient management of these resources. Understanding the 
spatio-temporal variation of precipitation isotope patterns (isoscapes) could provide 
information on regional and global hydrologic processes that may enable preparation for 
potential global climate change impacts (Sánchez-Murillo et al. 2013). The basis for most 
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global isoscapes is the Global Network for Isotopes in Precipitation (GNIP) database. 
However, the dataset has inherent deficiencies related to but not limited to coarse spatio-
temporal resolution and station unevenness (West et al. 2014). This results in insufficient 
data coverage for many regions that are of interest to hydrologists, geologists and 
ecologists (Wassenaar et al. 2009, Zhao et al. 2012). Unfortunately, most of these data 
deficient regions are located in drylands and developing nations, thus the accuracy and 
relevance of global isoscapes is questionable, at least to these regions. At the same time, 
these regions may have precipitation isotope data that may not meet the GNIP standards or 
scope. Therefore, could these data be utilized somehow to generate regional or local 
isoscapes, and how do these isoscapes compare to global isoscapes for the same region and 
do these localised isoscapes reflect synoptic systems influencing rainfall in the area or 
should these data be discarded? 
Although global isoscapes reproduce reasonably well the global distribution of 
mean annual isotope contents of modern precipitation (Risi et al. 2010, Werner et al. 2011), 
they do not fully explain observed seasonal or inter-annual variations at regional or locale 
scale (Field 2010, Vuille et al. 2003, Schmidt et al. 2005, Risi et al. 2010). Recent work 
also suggests intra-storm variability (Barras and Simmonds 2009, Coplen et al. 2008), thus 
event scale studies capture day-to-day synoptic variation that may be lost or diluted in 
monthly samples (Liu et al. 2010, Noone and Simmonds 2002). Therefore, event-scale 
comparisons with monthly or annual data may help define underlying uncertainties in 
relationships between the isotopic composition of precipitation and climate variables 
(Soderberg et al. 2013). At the same time, event-scale samples enable the use of backward 
trajectory analyses to determine precipitation origins and when coupled with isotope data, 
evaporative conditions (Sinclair et al. 2011, Baldini et al. 2010, Soderberg et al. 2013). 
Given that the climate of southern Africa is not well constrained and the influence of the 
Atlantic Ocean on precipitation events in the region is unknown (Reason et al. 2006), 
event-scale precipitation isotopes coupled with trajectory analysis may give new insights 
to precipitation patterns in southern Africa, at least Windhoek.  
This dissertation applies stable water isotopes (δ18O and δ2H), environmental 
tracers that have been used to understand dynamics and processes in hydrology, geology, 
ecology and climate research (Stumpp et al. 2014, Soderberg et al. 2013, Gat 1996). Isotope 
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fractionation processes impart unique signatures on meteoric water that can be combined 
with deuterium excess (d), a second order parameter defined as d = δD – 8 x δ18O 
(Dansgaard 1964) to determine vapour source evaporative conditions (Merlivat and Jouzel 
1979). The study also applies δ17O as an additional parameter as recent work suggests it is 
indicative of humidity conditions at the evaporative source, independent of temperature 
(Angert et al. 2004, Barkan and Luz 2007). Thus the inclusion of 17O to stable water 
isotopes could lead to new insights and understanding of ecohydrological processes in 
addition to those obtained from δ18O, δ2H and d. The location of the study, Namibia, was 
chosen because the country is classified as both a dryland and developing nation, is 
represented by a single sampling point in the GNIP database, and has several short-term 
precipitation isotope studies that have been conducted in the country. At the same time, the 
Central Namib Desert is characterised by an abundance of fog and dew (Henschel and 
Seely 2008). While groundwater along the ephemeral Kuiseb and Swakop rivers is derived 
from the interior (Jacobson et al. 1995), at higher elevation, “altitude effect” (Friedman 
and Smith 1970). This would result in distinct isotopic compositions of groundwater, 
rainfall and the ocean; thus non-rainfall water derived from these waters should reflect 
these differences, making the Central Namib an ideal site for non-rainfall water research 
suing isotope methods. Therefore, Namibia was the perfect proxy for an isotope approach 
to investigate dryland ecohydrological processes.   
The dissertation has the following main objectives and will be structured as: 1) 
Determination of non-rainfall water origins and formation mechanisms (Chapter 2), 2) 
Development of novel isotope methods to differentiate fog from dew (Chapter 2), 3) 
Determination of the spatial variation and evolution of fog in the Namib Desert (Chapter 
3), 4) A perspective on fog and dew as potable water resources (Chapter 4), 5) 
Determination of the relevance and applicability of global precipitation isoscapes to 
drylands and developing nations (Chapter 5) 6) The origins and key drivers of precipitation 
isotopes over Windhoek (Chapter 6) and 7) Conclusions (Chapter 7).  
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CHAPTER 2: NON-RAINFALL WATER ORIGINS AND FORMATION 
MECHANISMS 
 
2.1 Introduction 
Non-rainfall water (fog, dew, vapour) is an important ecohydrological component 
of arid ecosystems (Wang et al. 2016, Kidron et al. 2011), where any additional source of 
water may have a positive impact on productivity (Wang, D’Odorico, et al. 2010). 
However, non-rainfall water is less studied because research often focuses on factors 
limiting rather than sustaining productivity in arid environments. As such, non-rainfall 
water is often not well characterised and most ecological research tends to consider fog 
and dew inputs as one (Brown et al. 2008), although the two are derived from different 
meteorological phenomena.  
For many coastal regions the obvious source of fog and dew is the ocean (i.e., 
advective fog and dew). However, many desert regions with reported non-rainfall water 
inputs have groundwater resources (Houston 2002, Yang et al. 2010), which could be a 
source of non-rainfall water (i.e., radiation fog and dew). It is often assumed that fog 
confined to river valleys in coastal deserts is advected inland from the ocean, but there is 
speculation it may be generated locally as radiation fog (Eckardt et al. 2013). However, 
few studies address the sources of non-rainfall water and as far we are aware, no studies 
have investigated the possibility of groundwater contribution to non-rainfall water 
formation. How fog and dew will change in the future is dependent on their formation from 
their respective sources, ocean vs. groundwater. Vegetation water-use of both rainfall and 
non-rainfall components is essential for developing sound ecological models for arid 
environments (Schroder et al. 2009) and key to understanding plant function under current 
or future climates (Feddes et al. 2001). Differentiation of non-rainfall inputs will help build 
better ecological prediction models because the effect of global climate change on these 
ecosystems has not been adequately addressed (Giannini et al. 2008).  
Although stable isotopes (δ2H and δ18O) have been applied widely to fog research 
(Fischer and Still 2007), the application to dew research is minimal. To our knowledge, 
multiple stable isotope measurements have never been applied jointly to include both fog 
and dew within a given ecosystem. Because fog and dew involve condensation reactions, 
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it is often assumed that their formation is similar to the liquid-vapour equilibrium state in 
clouds (Stewart 1975, Jouzel 1986). The equilibrium assumption is likely true for fog 
formation (Gonfiantini and Longinelli 1962); however, recent theoretical work suggests 
that dew formation could be dominated by kinetic fractionation processes (Deshpande et 
al. 2013). Because of the differences in fractionation processes, it is possible to differentiate 
fog and dew formation using the relationships of triple oxygen isotopes (16O, 17O and 18O) 
since a recent study shows that the δ17O-δ18O slope is different for kinetic and equilibrium 
fractionation processes (Angert et al. 2004).  
Like many dryland ecosystems worldwide, the Namib Desert is likely to experience 
changes in its hydrological cycle response to global climate change (Engelbrecht et al. 
2009, Hulme 1996). Given the abundance and importance of fog and dew in this desert 
(Henschel and Seely 2008), it provides an ideal location to study both components of non-
rainfall water as part of the same ecosystem. Here we collect diverse water samples (i.e., 
rain, fog, dew, river water and groundwater) and apply stable isotopes of hydrogen and 
oxygen (δ2H, δ17O and δ18O) to differentiate fog from dew and determine source waters of 
these inputs in the Namib Desert at Gobabeb Research and Training Centre (Fig. 2.1). 
These findings provide a new experimental framework to identify the origins of non-
rainfall waters and differentiate fog and dew. These findings will assist in predicting 
dryland responses to global climate change by providing information about the sources of 
non-rainfall waters. 
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Figure 2. 1 Extent of the Namib Desert and location of the study site. The map shows the 
location of the Gobabeb Research and Training Centre and the extent of the Namib Desert, 
as well as an inset showing the general landscape characteristics around the study area: the 
Kuiseb River and the gravel plains. CREDIT: K.F.Kaseke/Indiana University–Purdue 
University Indianapolis.  
 
2.2 Materials and Methods 
2.2.1 Site description 
This study was conducted in the Central Namib Desert at the Gobabeb Research 
and Training Centre (lat. -23.55°, long. 15.04° and elv. 405 m a.s.l.). The centre is located 
about 60 km from the Atlantic Ocean, on the outer edge of the Namib fog-zone, annual 
precipitation < 20 mm. The fog zone is an area of the most visible impacts of advective fog 
characteristic of the Namib coast (Olivier 1995); however, there are suggestions that other 
types of fog could occur regularly in the Namib (Eckardt et al. 2013). The centre is 
surrounded by three distinct ecosystems: to the north and east the gravel plains (91% sand, 
0.6% clay and 8.4% silt), to the west and south the sand dune sea (74.8% sand, 5.5% clay, 
19.7% silt) and the ephemeral Kuiseb river (91.5% sand, 2.1% clay, 6.4% silt) lies south 
of the centre separating the gravel plains and sand dune sea. The Kuiseb river is one of the 
largest ephemeral rivers (~560 km) in Namibia, draining the western Great Escarpment 
with a 420 km long catchment area of approximately 15 500 km2 (Jacobson et al. 1995). It 
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drains the high plateau (~2000 m a.s.l) westward through the escarpment to the Atlantic 
Ocean near Walvis Bay. Mean annual rainfall at the headwater is > 300 mm yr-1 and 
decreases to less than 20 mm yr-1 in the low lands (Dahan et al. 2008). The Kuiseb river 
has flowed past Gobabeb at least once a year for an average of 12 day yr-1 with a maximum 
of 33 days in 1997 (Dahan et al. 2008). Rainfall and groundwater availability are often the 
primary determinants of species distribution in the Namib Desert (Schachtschneider and 
February 2010), with large trees confined to the eastern edge of the desert and along 
ephemeral watercourses (Burke 2006) where they access the shallow alluvial aquifers 
(Lange 2005). The ephemeral vegetation at Gobabeb Research and Training Centre is 
dominated by four species: Faiderbia albida, Acacia erioloba, Euclea pseudobenus and 
Tamarix usneoides (Jacobson et al. 1995).  
 
2.2.2 Sample collection 
Samples were collected within the vicinity of the Gobabeb Research and Training 
Centre from January 2014 – January 2015. Groundwater samples were collected during 
field campaigns from two boreholes located in the Kuiseb River. River water was obtained 
on the 23rd December 2013, when the river flowed for two days. Precipitation was collected 
immediately after a rain event to minimise evaporation effects at the centre. Fog samples 
were collected from fog collectors designed after Schemenauer and Cereceda (1994), 1 m2 
metal frames covered by a polyethylene mesh raised 2 m from the ground surface and 
oriented in the direction of the dominant fog bearing wind. The mesh intercepts fog droplets 
which coalesce and flow into a collecting trough, directing the flow to an outlet pipe and 
into a container where samples were collected daily at 08:00 hrs. Dew was collected from 
a dew collector, which was made of 1 m2 metal sheet, overlain by a glass plate at a 30⁰ 
angle and raised 0.5 m from the soil surface. The glass plate is able to achieve or go below 
the ambient dew point temperature, facilitating dew formation which collects in a trough 
placed at the end of the collector. Attached to the trough is a collecting pipe which directs 
this flow into a container. Dew samples were obtained opportunistically during field 
campaigns at 06:00 hrs to minimise evaporation. All samples were then transferred into 15 
ml Qorpak clear French square bottles with black phenolic polycone lined caps, labelled 
appropriately with the sample type, location and date and stored at Gobabeb Research and 
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Training Centre until shipment to the Indiana University-Purdue University Indianapolis 
(IUPUI) Ecohydrology Lab for isotope analysis. HYSPLIT (Stein et al. 2015) was used to 
track the origin of the five precipitation events captured during the study period (Fig. A2.1) 
with monthly rainfall that may have influenced fog and dew formation displayed in Table 
A2.3. 
 
2.2.3 Practical considerations for dew and fog water collection 
The major difference between fog and dew formation is the dependence of dew 
formation on the receiving substrate surface attaining or falling below ambient dew point 
temperature while fog formation is independent of the receiving substrate surface. The 
receiving surface of the dew collector has a high thermal conductivity, which facilitates 
dew condensation on the dew collector compared to the fog collector using polyethylene 
mesh. Therefore, when water was collected in the dew collector and absent from the fog 
collector, this input was classified as dew. Because interception by objects projecting into 
the fog droplet stream is the dominant avenue for fog deposition onto a surface, it is 
possible to collect appreciable amounts of fog in the dew collector. However, fog collectors 
are more efficient in harvesting this, input, collecting significantly more fog water 
compared to dew collectors during fog events. Furthermore, fog water collected in the dew 
collector easily exceeds the theoretical dew maximum yield of 0.8 mm per night (Monteith 
1957). Therefore, when water was collected in both the dew and fog collectors but the dew 
collector had significantly more than 0.8 mm of input we classified this as fog and 
discarded the sample and collected that in the fog collector. 
 
2.2.4 Isotope analysis 
We used a Triple Water Vapor Analyzer (Los Gatos Research Inc., Mountain View, 
CA, USA), for isotopic analysis with a precision of 0.2‰ δ18O, 0.8‰ δ2H and 0.4‰ δ17O 
similar to those reported elsewhere (Wang et al. 2009, Tian 2016). Data was reported in δ 
notation relative to VSMOW-SLAP scale as 
 δ =
𝑅sample
𝑅VSMOW
− 1,   (1) 
where Rsample and RVSMOW are the molar ratios of heavy to light isotopes (
2H/H, 18O/16O or 
17O/16O) of the sample and international standard - Vienna Standard Mean Ocean Water 
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(V-SMOW). However, it has been demonstrated that when dealing with high precision 
ratios in multiple systems a modified δ is preferred (Miller 2002, Luz and Barkan 2005, 
Hulston and Thode 1965) hereafter designated as δ' and defined as 
𝛿′∗𝑂 = ln(𝛿 + 1) = ln (
𝑅sample
𝑅VSMOW
),  (2) 
where *O is either 17O or 18O.  
 
2.2.5 Differentiation of non-rainfall vectors based on isotopes 
Differentiation of fog type was based on the knowledge that fog is a first stage 
condensate controlled by equilibrium fractionation processes and plots on a meteoric water 
line reflecting its origins (Majoube 1971, Stewart 1975, Jouzel 1986). Because the Namib 
fog-zone is characterised by advective fog originating from the Atlantic Ocean and the 
sampling location is close to the ocean (~60 km) (Olivier 1995), we expect advective fog 
to plot on the global meteoric water line (GMWL) while locally generated (radiation) fog 
should plot on the LMWL reflecting local meteoric water origins. Because fog is a 
derivative of the meteoric water lines, we excluded fog from defining the LMWL for the 
site, thus the LMWL was based on groundwater and rain samples.  
Similar to fog, dew can be classified isotopically based on the samples position 
relative to the GMWL and LMWL. In any ecosystem, dew has at least three sources: lower 
atmosphere, shallow soil layer and deep soil layer/groundwater (Wen et al. 2012). During 
evaporative enrichment of water, vapour will have a reciprocal depletion and plot on the 
same evaporative line but opposite the initial composition of water (i.e., left of the meteoric 
water line). Condensation of this vapour on a sufficiently cooled substrate surface results 
in dew and in theory should plot along the evaporative line but to the left of the relevant 
meteoric water line. Based on this, we can classify dew by calculating the isotopic 
composition of the dew source and comparing it to the isotopic signatures of the different 
pools of water to identify its origins.  
Differentiation of fog from dew water was based on the knowledge that different 
δ'17O vs δ'18O slopes indicate different fractionation processes, 0.528 (equilibrium) and 
0.515 (kinetic) (Angert et al. 2004, Luz and Barkan 2010). Therefore, δ'17O vs δ'18O was 
used to separate bulk fog and dew samples. 
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2.2.6 Statistical Analyses 
All statistical analyses were performed using non-parametric methods in PAST 3 
(Paleontological Statistics, Natural History Museum, University of Oslo), the Kruskal-
Wallis test followed by a post-hoc Mann-Whitney U test with a p-value of 0.05 for 
significance. Because advective and radiation fog were derived from different meteoric 
waters we compared each fog to its respective meteoric water line e.g. advective fog d to 
that of the GMWL while that of the radiation fog was compared to the LMWL. Using the 
d of advective fog we can determine the evaporation conditions over the ocean and if 
significantly greater than that of the GMWL we can conclude that evaporation occurred 
under low humidity (< 85% RH) (Araguás-Araguás et al. 2000). If the d of the radiation 
generated fog is significantly greater than that of the LMWL we can conclude that the fog 
was generated by admixture with advecting moisture. ANCOVA (p < 0.05) was used to 
compare differences in slopes between radiation fog and the LMWL. Isotopic 
characteristics of all meteoric water samples (river, groundwater, rain, fog and dew) were 
based on arithmetic means and the associated standard deviations.  
 
2.3 Results and Discussion 
2.3.1 Isotopic characteristics of various ecosystem waters.  
Rain, fog, dew, groundwater and Kuiseb River water were isotopically distinct, 
with rain being the most enriched in 2H, 17O and 18O compared to all other waters (Table 
2.1). Groundwater had two distinct isotope signatures (Table 2.1), indicating the existence 
of two alluvial aquifers at the study site. Both aquifers are likely dependent on recharge 
through the ephemeral river bed (Scanlon 2004) via short-duration water flow (Mizuno 
2010). Backward trajectory analyses showed that rain events sampled during this period 
originated from the Atlantic Ocean (Fig. A2.1); thus, isotopic enrichment of rain relative 
to all other waters is attributed to the ‘continental effect’ and sub-cloud evaporation 
(Stewart 1975, Dansgaard 1964, Kaseke et al. 2016) (Table 2.1). The ephemeral Kuiseb 
River water was depleted in 2H, 17O and 18O compared to local rainfall (Table 2.1), 
indicating this water was sourced from headwaters at higher altitudes in the interior, 
exhibiting the ‘altitude effect’ (Friedman and Smith 1970). Non-rainfall water had the 
largest variability in all three isotopes and when separated into fog and dew, these samples 
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still exhibited large variability suggesting the existence of different groups within these 
composite classes (Table 2.1).  
 
Table 2. 1 Isotopic characteristics (mean ± standard deviation) of the various water 
samples at the Gobabeb Research and Training Centre, Central Namib Desert.  
Sample Type δ18O ‰ δ2H ‰ δ17O ‰ n 
Rain +2.16 ± 3.0 +12.72 ± 28.84 +0.83 ± 2.9 5 
Non-rainfall water +0.39 ± 3.5 +3.74 ± 17.8 +0.11 ± 1.9 53 
Dew (composite) -1.25 ± 3.1 -7.97 ±13.7 -1.22 ± 1.6 15 
Fog (composite) +1.03 ± 3.4 +8.37 ± 17.3 +0.64 ± 1.8 38 
River water (Kuiseb)  -11.49 -85.11 -6.51 1 
*Groundwater -9.33 ± 0.3 -63.97 ± 2.0 -4.54 ± 0.2 4 
†Groundwater -6.80 ± 0.2 -45.88 ± 0.7 -3.43 ± 0.2 2 
Note: 1. Non-rainfall water refers to combined fog and dew samples. 
          2. * refers to the shallow aquifer and † refers to the deep aquifer.  
 
2.3.2 Fog types and their origins  
We identified three types of fog: advective, radiation and mixed fog (Fig. 2.2). 
There are no local open water sources close to the study site except the ephemeral Kuiseb 
River when in flow, thus the only source of advective fog is the ocean. Fog formed from 
oceanic vapour is depleted in 18O relative to ocean water (1-3‰) (Aravena et al. 1989) 
(Fig. 2.2 and Table 2.2). Furthermore, the isotopic composition of these samples (Table 
2.2) was similar to those collected from the Namibian coast (δ18O: -0.86 to -0.39‰ and 
δ2H: +0.80 to +3.30‰) (Eckardt et al. 2013). The Mann-Whitney U post hoc test showed 
that d-excess (d = δ2H - 8.0 × δ18O) of advective fog (+7.2‰) was significantly lower than 
that of the GMWL (+10‰) (Bonferroni corrected p < 0.05) suggesting evaporation at the 
source occurred at a relative humidity (RH) > 85% or near-equilibrium (Merlivat and 
Jouzel 1979). Advective fog is usually enriched in 2H and 18O compared to local rainfall 
(Dawson 1998) but our results show that advective fog was depleted in 2H, 17O and 18O 
compared to rainfall (Table 2.1 and Table 2.2). Because of the close proximity of the study 
site to the Atlantic Ocean, both rain and advective fog could be considered first stage 
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condensates. However, whereas fog droplets remain at equilibrium with vapour, rain may 
experience sub-cloud evaporation due to aridity of the Namib Desert resulting in 
enrichment of the rain compared to fog. This is supported by the low d exhibited by 
individual rain events (Table A2.1) and the precipitation isoscape for Namibia (Kaseke et 
al. 2016). 
 
 
Figure 2. 2 Origins of fog water. The isotopic distribution of fog samples collected from 
the Gobabeb Research and Training Centre in relation to the GMWL and the LMWL, river 
water, and groundwater during the observation period (2014–2015). Fog regression lines 
indicate the source and classification of the fog. VSMOW, Vienna Standard Mean Ocean 
Water.  
  
 23 
Table 2. 2 Classification and isotopic characteristics (mean ± standard deviation) of fog 
collected from Gobabeb Research and Training Centre in the Namib Desert, 2014-2015. 
Classification δ18O ‰ δ2H ‰ δ17O ‰ d ‰ n 
Advective -0.74 ± 0.6 +1.76 ± 5.1 -0.20 ± 0.5 +7.67 ± 1.3 15 
Mixed -0.43 ± 0.6 +0.01 ± 5.3 -0.23 ± 0.5 +3.42 ±1.0 10 
Radiation +1.41 ± 2.1 +8.18 ± 13.3 +0.78 ± 1.1 -2.24 ± 3.4 8 
 
The LMWL defined for this study (Fig. 2.2), was similar to that defined as δ2H = 
7.2 x δ18O – 0.6‰ (Schachtschneider and February 2010), although the latter LMWL 
included fog in its definition. Because the LMWL slope was less than 8, this indicates 
evaporative enrichment of local waters, a characteristic of arid environments (Fig. 2.2). 
Radiation fog d (-1.2‰) was significantly depleted than advective fog d (+7.2‰) (Mann-
Whitney U post hoc, Bonferroni corrected p < 0.05), which suggests the two have different 
moisture sources as equilibrium fractionation does not change d (Dansgaard 1964). There 
was no significant difference between LMWL d (-0.6‰) and radiation fog d (-1.2‰) 
(Table 2.2 and Fig. 2.2), suggesting radiation fog was generated from local water sources 
(rainfall, ephemeral rivers or shallow aquifers). Figure 2.2 shows two clusters of radiation 
fog: one cluster plots among the rain samples (δ18O (+3.78 ± 0.5‰), δ2H (+22.6 ± 3.72‰) 
and δ17O (+1.75 ± 0.6‰)) indicating local rainfall origins (Cui et al. 2009) and the second 
cluster plots below the rain samples eliminating local precipitation as the source origin 
((δ18O (-0.02 ± 1.0‰), δ2H (-0.48 ± 7.4‰) and δ17O (+0.20 ± 0.9‰)) (Fig. 2.2 and Table 
A2.2). This fog cluster occurred when the river was dry, suggesting groundwater as the 
possible origin, hence classification as groundwater derived radiation fog (Fig. 2.2). There 
were a few radiation fog samples that showed evidence of evaporative enrichment, plotting 
to the right of the LMWL (Fig. 2.2). We thus calculated the source isotopic composition 
of these evaporated fog samples (δ18O +0.71‰ and δ2H +4.40‰), similar to that of 
groundwater derived fog and plotted below the rain samples (Fig. 2.2). These samples were 
thus classified as groundwater derived fog but excluded from characterisation of radiation 
fog. Radiation fog is thus a composite of fog derived from local water sources, each with 
a unique isotopic signature reflecting the source water (Fig. 2.2 and Table 2.2).  
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The classification of groundwater derived fog can be verified through theoretical 
calculations and basic isotope principles (Fig. 2.2). It is estimated that 48-80% of local 
rainfall in tropical regions is from recycling of water to the atmosphere via 
evapotranspiration (Shuttleworth et al. 1984, Salati et al. 1979), with transpiration being 
the largest component of the evapotranspiration flux (Wang et al. 2014, Jasechko et al. 
2013). Transpiration is non-fractionating. Therefore, transpired water vapour is 
isotopically similar to xylem water (Yakir and Sternberg 2000) and reflects the isotopic 
signature of the source water utilised (Craig 1966). Because the isotopic composition of 
fog is related to equilibrium with atmospheric vapour, similar to the liquid-vapour 
equilibrium state found in clouds (Jouzel 1986, Stewart 1975), we assume the fog 
condensate is at equilibrium with transpired vapour, and transpired vapour reflects the 
groundwater isotopic signature. In support of this assumption, recent spectroscopy-based 
transpiration studies have shown that the isotopic composition of transpiration vapour is 
similar to that of the source waters (Wang et al. 2012, Wang, Caylor, et al. 2010). 
𝑎l−v =
1000+δl
1000+δv
 ,   (3) 
where αl is isotopic composition of the fog condensate and αv is the isotopic composition 
of the transpired vapour which reflects the groundwater isotopic composition (Table 2.1). 
Using the average isotopic composition of the groundwater derived fog (δ18O, -
0.02‰ and δ2H, -0.48‰) and applying the groundwater isotopic compositions from Table 
2.1 to equation 3 we obtained 18αl-v = 1.0094 and 2αl-v= 1.0678 for shallow groundwater 
and 18αl-v =1.0068 and 2αl-v = 1.0478 for deep groundwater. The fractionation factors 
obtained using the shallow groundwater were similar to the equilibrium fractionation 
factors at 20oC (1.0098 for δ18O and 1.084 for δ2H) determined from experimental work 
(Majoube 1971). We further estimated the RH conditions during fog formation based on 
the observed fractionation factors. We assumed equilibrium fractionation occurs at 100% 
RH for the experimental work (Majoube 1971), then 2α / 18α = 84‰/9.8‰ = 8.57. 
Combining this information and our calculated fractionation factors, RH during fog 
formation in our study was (67.8‰/9.4‰)/8.57 = 84.2%, which was within the range of 
observed RH for fog events at this site (Kaseke et al. 2012). At the same time, a previous 
study showed that most ephemeral vegetation in the lower Kuiseb is reliant on the shallow 
aquifer depending on stage of growth and species (Schachtschneider and February 2010). 
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As advective fog dissipates downwind, it persists as a high humidity air mass 
(Kaseke et al. 2012) which mixes with local moisture from the vicinity of the study site. 
Radiative cooling of this mixed air then results in mixed (advective-radiation) fog, which 
plots between the GMWL and the LMWL (Fig. 2.2). Mixed fog d (+3.2‰) was 
significantly enriched than LMWL d (-0.6‰) but significantly depleted than advective fog 
d (+7.2‰) (Mann-Whitney U post hoc test, Bonferroni corrected p < 0.05) (Fig. 2.2, Table 
2.2), providing evidence of the mixing of different air masses (Gat and Matsui 1991, Liu 
et al. 2007) to generate this fog. There were no significant differences in all three isotopes 
(δ18O, δ2H and δ17O) between mixed fog and either advective or radiation fog, suggesting 
that mixed fog retains characteristics of both moisture sources (Fig. 2.2). However, 
radiation fog 18O (+0.98‰) and 17O (+1.08‰) was significantly enriched compared to 
advective fog 18O (-0.94‰) and 17O (+1.08‰) (Mann-Whitney U post hoc test, Bonferroni 
corrected p < 0.05, Table 2.2).  
This isotope based fog classification was consistent with associated meteorological 
parameters: wind speed and direction (Note A2.1 and Table A2.2). The Atlantic Ocean is 
located on the western side of the study site (Fig. 2.1), while advective and mixed fog had 
western origins: median 230° and median 260°, respectively (Table A2.2). Radiation fog 
on the other-hand had southern origins (median 180°), consistent with the location of the 
Kuiseb River in relation to the sampling site. Wind speeds attributed to advective fog (4.0 
m/s) were higher than both those for mixed (3.8 m/s) and radiation fog, which is also 
consistent with expectation. 
Based on the samples collected, fog type frequency was as follows: advective fog 
(39.5%), radiation fog (34.2%) and mixed fog (26.3%). However, mixed fog could be 
considered as a form of radiation fog because it is generated by radiative cooling and 
localised. Therefore, radiation fog accounted for 60.5% of the fog occurrence during this 
period and was thus the dominant fog type, during the study period at the site. This result 
was surprising in that the study site lies on the edge of the Namib fog-zone and is thought 
to be influenced by advective fog. Our results thus suggest that advective fog is dissipating 
closer to the coast than the 60 km inland boundary used to define the fog-zone (Fig. 2.1). 
There is corroborative evidence from our site which suggests a receding range in the 
occurrence of fog harvesting beetles to less than 60 km inland. Increasing global air 
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temperatures would increase soil temperatures and result in a 0-20% decline in RH and 
decrease in cloud immersion in cloud forests (Foster 2001). Although not a cloud forest, 
the principle is applicable to the Namib fog-zone and could be evidence that global climate 
change is diminishing this fog-zone. If true, we expect to observe more changes in the flora 
and fauna composition over the outer edge of the Namib Desert fog-zone. This is because 
radiation fog is spatially variable and its dominance is related to a decrease in advective 
fog rather than an increase in frequency of radiation fog. Consequently, fog input to the 
area is decreasing, with fog frequency dropping 56% from 2001 (Henschel and Seely 2008) 
to the time of this study. In addition, radiation fog is confined to topographic lows and 
ephemeral channels (Eckardt et al. 2013) while behavioural adaptations of fauna (e.g., fog 
harvesting beetles) shows that they position themselves on dune crests to harvest fog. This 
advective-radiation fog shift may necessitate redefining the extent of the Namib fog-zone 
and provide an opportunity to study the effects of global climate change on fog dependent 
systems.  
 
2.3.3 Dew types and their origins.  
We identified three types of dew: groundwater derived, advective and shallow soil 
water derived dew (Fig. 2.3). Extending the evaporation line of groundwater derived 
radiation fog beyond the LMWL, some dew samples plot along this line, suggesting similar 
origins: groundwater derived dew (Fig. 2.3a and Fig. 2.3b). In addition, the source isotopic 
composition of groundwater derived dew (δ18O +0.35‰ and δ2H +1.84‰) and 
groundwater derived fog (δ18O -0.02 ± 1.0‰ and δ2H -0.48 ± 7.4‰) were similar and can 
be viewed as evidence that the two have the same origin. Wen et al. (2012) demonstrates 
theoretically that dew formation under super-saturated conditions is controlled by kinetic 
fractionation processes but detection using δ2H and δ18O is difficult. We did not find any 
significant differences in both δ18O and δ2H between groundwater derived dew (δ18O -
2.32‰ and δ2H -12.33‰) and groundwater derived radiation fog (δ18O +0.14‰ and δ2H -
12.33‰) (Kruskal-Wallis test, p > 0.05). However, groundwater derived dew 17O (-1.86‰) 
was significantly depleted compared to groundwater radiation fog 17O (+0.39‰) (Mann-
Whitney U post hoc test, Bonferroni corrected p < 0.05), suggesting δ17O could be the key 
to differentiation of fog and dew isotopically. Groundwater derived dew d (+6.21‰) was 
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significantly enriched than both the LMWL d (-0.6‰) and groundwater derived radiation 
fog d (-0.6‰) (Mann-Whitney U post hoc test, Bonferroni corrected p < 0.05) (Fig. 2.3b 
and Table 2.3). Because groundwater has an inherently low d, the unusually high d of 
groundwater derived dew suggests strong kinetic fractionation processes during its 
formation similar to that reported for liquid condensation (Deshpande et al. 2013). 
 
 
Figure 2. 3 Origins of dew water. a) Groundwater derived dew and fog lines indicating 
similar origins and plotting along the same evaporation line. b) The local meteoric water 
line (LMWL) at Gobabeb Research and Training Centre with groundwater, Kuiseb River 
water, rain, and dew isotopes collected from 2014-2015. The GMWL was included as a 
reference.  
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Table 2. 3 Isotopic characteristics (mean ± SD) and classification of dew samples from the 
Gobabeb Research and Training Centre in the Namib Desert (2014-2015). 
Dew classification δ18O ‰ δ2H ‰ δ17O ‰ d ‰ n 
Advective -2.01 ± 3.5 -0.07 ± 13.5 -1.77 ± 1.7 16.0±14.3 3 
Groundwater derived -2.35 ± 2.7 -10.12 ± 11.9 -1.75 ± 1.4 8.67±9.7 6 
 
Some dew samples plotted to left of the GMWL, while the source isotopic 
composition of these samples (δ18O -0.56‰ and δ2H +5.53‰) was similar to that of 
advective fog derived from the ocean, suggesting similar origins: advective dew (Fig. 2.3b 
and Table 2.2). The d value of advective dew (+16.0‰) was much higher than expected 
(Table 2.3), and was likely influenced by kinetic fractionation processes during two stages: 
evaporation of moisture from the ocean and during condensation. This combined kinetic 
isotope effect could then account for the unusually large d (Table 2.3). The source water 
isotopic composition and the advective dew line (Fig. 2.3b) were similar to those reported 
for the Negev desert (δ18O -0.68‰ and δ2H +4.54‰; δ2H = 3.9 x δ18O + 7.2) (Hill et al. 
2015), suggesting this could be universal for advective dew from the ocean.  
The isotopic composition of shallow water derived dew (δ18O -5.30‰ and δ2H -
37.75‰) did not match any of the water sources identified for the ecosystem (Table 2.1), 
but was likely formed from evaporative discharge from the shallow alluvial aquifer 
(Schachtschneider and February 2010) (Fig. 2.3). δ18O was similar to that indicated for soil 
at 0.5 m depth in the Kuiseb river in a δ18O vs depth profile (Schachtschneider and February 
2010), however, δ2H was not reported. Therefore, we applied the LMWL defined in this 
study to calculate δ2H, 37.81‰, which was similar to the calculated source water value. 
Our data thus suggests these dew samples were derived from shallow soil water at about 
0.5 m. However, we did not characterise the isotopic composition for shallow soil derived 
dew because most of these samples plotted to the right of the LMWL and this suggests they 
had undergone evaporative enrichment (Fig. 2.3b). 
This isotope based dew classification was consistent with associated 
meteorological parameters: wind speed and direction (Note A2.1 and Table A2.2). In 
general, advective dew originated from the south-west (median 205°) while locally derived 
dew originated from the south-east (median 166°) (Table A2.2). We expected higher wind 
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speeds would transport moisture to the site resulting in advective dew formation while 
locally generated dew would have slower speeds or calm conditions. The data generally 
supports this, 6.5 m/s vs 2.1 m/s for advective and locally generated dew, respectively 
(Table A2.2). 
 
2.3.4 Separation of fog and dew.  
Some fog and dew samples were excluded from isotopic characterisation due to 
evidence of evaporative enrichment (Fig. 2.2 and Fig. 2.3), but because all samples were 
handled in the same manner, this enrichment could have been formation induced. 
Therefore, all samples were included in the δ'17O-δ'18O analysis of bulk or composite fog 
(n = 38) and dew (n = 15) samples (Fig. 2.4). The δ'17O-δ'18O slope of the bulk fog samples, 
0.528 (Fig. 2.4), indicates meteoric waters condensed under isotopic equilibrium 
conditions (Angert et al. 2004, Luz and Barkan 2010). This is in agreement with earlier 
conclusions on advective and radiation fog based on interpretations of d and the calculated 
fractionation factors. Therefore, the isotopic composition of fog is determined by 
equilibrium fractionation processes regardless of fog type. Meanwhile, the δ'17O-δ'18O 
slope of bulk dew samples was 0.516 (Fig. 2.4), indicating that dew formation is dominated 
by kinetic fractionation processes (Angert et al. 2004), regardless of dew type. Kinetic 
fractionation during the vapour-liquid phase change is related to the degree of super-
saturation and differences in diffusive velocities of isotopic molecular species through 
super saturated air (Deshpande et al. 2013), similar to the vapour-solid phase change 
(Jouzel and Merlivat 1984, Petit et al. 1991). This is the first reported field evidence of 
kinetic fractionation dominating the oxygen isotope composition of dew during natural 
formation. There were no significant differences between δ18O values in bulk fog (-0.38‰) 
and bulk dew (-0.07‰), as well as d values in bulk fog (+3.75‰) and bulk dew (+3.17‰) 
(Kruskal-Wallis test, p > 0.05). However, fog 2H (+2.82‰) and 17O (+0.08‰) were 
significantly enriched compared to dew 2H (-10.06‰) and 17O (-0.09‰) (Mann-Whitney 
U post hoc test, Bonferroni corrected p < 0.05).  
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Figure 2. 4 Differentiation of fog and dew. δ'17O vs δ'18O plots for bulk fog and dew 
samples showing fog and dew are controlled by different fractionation processes, 
equilibrium and kinetic, respectively.  
 
Although most previous research tends to treat dew inputs as fog (Brown et al. 
2008) or vice versa in dewy deserts such as the Negev, where fogs are often regarded as 
dew (Kidron et al. 2014), due to technical constraints. Our results demonstrate that fog and 
dew are dominated by different fractionation processes, equilibrium and kinetic, 
respectively, and this can be used as a basis for differentiation of the two inputs using the 
17O-18O relationship. This distinction is important because vegetation may be differentially 
adapted to harvesting fog and dew. For example, Esler et al. (1999) postulates that the 
ecophysiology of prostrate-leaved geophytes in arid environments may enhance dew 
formation by lowering leaf temperature while grasses such as Stipagrostis sabulicola are 
adapted for efficient fog harvesting due to surface traits and upright structure (Ebner et al. 
2011, Roth-Nebelsick et al. 2012). Therefore, the increase in frequency of one of these 
components does not necessarily translate to the same species composition or distribution. 
To better understand plant functioning under current or future climates and develop sound 
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ecological models for arid environments, it is therefore important to differentiate non-
rainfall components and water use strategies. The new δ'17O-δ'18O method developed here 
to differentiate fog and dew will thus enhance the understanding of vegetation water-use 
strategies in non-rainfall water dependent ecosystems. 
 
2.4 Conclusions 
Non-rainfall water in coastal drylands such as the Central Namib Desert have 
multiple origins and types. Based on our estimated source origins of fog and dew; 
groundwater in alluvial aquifers may have a much larger impact than often acknowledged 
in arid environments. Groundwater is evapotranspired through riparian vegetation, forming 
radiation fog and/or dew and is redistributed into the upper few cm of the soil profile 
making it available for use by other life forms. At the same time, although the 
ecophysiology of dryland organisms is geared towards obtaining non-rainfall water 
(Henschel and Seely 2008), vegetation may be differentially adapted to harvesting non-
rainfall water (Roth-Nebelsick et al. 2012, Ebner et al. 2011, Esler et al. 1999). Therefore, 
the non-rainfall form, fog vs. dew, has important implications for species survival and 
distribution. By determining the significance of each non-rainfall water input to specific 
plant species we could more accurately model the potential climate change impact on plant 
species and fauna that depend on it. The δ'17O-δ'18O method developed here demonstrates 
for the first time that fog and dew are controlled by different formation mechanisms: 
equilibrium and kinetic fractionation processes, respectively. This δ'17O-δ'18O method will 
enhance the understanding of vegetation water-use strategies in non-rainfall water 
dependent ecosystems and the potential impact of global climate change on species 
survival and distribution.  
The suggested decrease in fog frequency and potential shift in advection-radiation 
fog may necessitate redefining the extent of the Namib fog-zone, and provide an 
opportunity to study the effects of global climate change on these non-rainfall water 
dependent ecosystems. At the same time, fog and dew should be excluded from 
determination of the LMWL as these non-rainfall waters or moisture could be transported 
from other areas and are thus not derived from the local meteoric waters. For example, 
inclusion of advective and mixed fog samples in determining the LMWL for the Central 
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Namib Desert could result in a slope ≥ 8, uncharacteristic of arid environments whose 
LMWL slope < 8 due to the strong atmospheric demand (Kendall and McDonnell 2012).  
We acknowledge that direct isotopic measurements of transpiration vapour would 
strengthen our estimates of the fractionation factors (equation 3). However, such 
measurements would not change our conclusions. We also note that recent spectroscopy-
based transpiration studies have shown that the isotopic composition of transpiration 
vapour closely approximates its source waters (Wang, Caylor, et al. 2010, Wang et al. 
2012), supporting the assumptions made in the fractionation factor calculations. In 
addition, coherent multiple lines of evidence provided here (e.g., positions on isotopic 
water lines, theoretical fractionation factor calculations, wind speed/direction and d values) 
provide strong support for our estimates on the source origins of fog and dew.  
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CHAPTER 3: FOG SPATIAL DISTRIBUTIONS OVER THE CENTRAL NAMIB 
DESERT – AN ISOTOPE APPROACH 
 
3.1 Introduction 
Non-rainfall waters (e.g., fog and dew) are the least studied hydrological 
components in most ecosystems. However, these non-rainfall water components play an 
important role in ecosystem dynamics and are particularly important for water-limited 
ecosystems (Wang et al. 2017). In arid ecosystems, non-rainfall waters can exceed rainfall 
and can be the sole source of water for plants (Agam and Berliner 2006), thus the 
ecophysiology of these organisms is geared towards obtaining non-rainfall waters 
(Henschel and Seely 2008)  
According to Byers (1959), it is challenging to provide an exact definition of fog 
because fog formation occurs under a variety of conditions and is dependent on the 
observer’s perspective and research interests (George 1951, Tardif and Rasmussen 2007). 
However, for practical purposes, fog is defined as the suspended water droplets or ice 
crystals that are near the surface and lead to horizontal visibility below 1 km (WMO 1992). 
Fog formation is influenced by thermodynamic or radiative cooling, aerosol concentration, 
microphysical processes and surface conditions (Gultepe, Tardif, et al. 2007), thus 
classification is often based on different combinations of these factors. George (1951) 
restricted fog classification to six categories: advection, radiation (restricted heating or air 
drainage), advection-radiation, pre-warmfrontal and mixed radiation. However, given the 
location of the Central Namib Desert (the region of interest in this study), advective and 
radiation fog are of interest, thus we present general definitions of these categories. 
Advective fog is formed in one area and transported to the site of interest (Degefie et al. 
2015). Radiation fog is formed from radiative cooling of stagnant air close to the surface 
(Gultepe, Pagowski, et al. 2007). Advection-radiation fog occurs in coastal areas and is 
formed from the advection of moist air inland during daylight hours followed by radiative 
cooling (Ryznar 1977). 
Fog has been recognized as an important component of hydrologic and nutrient 
cycling in forest ecosystems of coastal areas (Dawson 1998, Wang et al. 2017, Weathers 
and Likens 1996). It is often assumed that fog in these coastal regions is advected from the 
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ocean and the majority of authors agree that advective sea fog dominates the south-west 
coast of Africa (Jacobson et al. 2015, Olivier 2004, Seely 1979). The most visible impacts 
of this advective fog on ecophysiology in the Namib Desert are thought to extend about 60 
km inland, a region known as the fog-zone (Lancaster 1984, Olivier 1995, Seely 1979). 
However, recent studies show that other fog types may be a regular occurrence in the 
Namib fog-zone, especially along ephemeral rivers and other low laying areas (Eckardt et 
al. 2013, Kaseke et al. 2017). Therefore we could be under-estimating the significance of 
other fog types, which hinders the understanding of the potential impact of global climate 
change on these fog dominated environments. 
Despite the ecohydrological significance of fog to many arid and semi-arid 
ecosystems, coastal regions and tropical montane forests (Dawson 1998, Ebner et al. 2011, 
Nørgaard et al. 2012, Schemenauer and Cereceda 1991), we still do not fully understand 
the spatial variation and/or origin of fog in these environments. Cereceda et al. (2002) 
suggests advective fog in the Atacama Desert dissipates and persists as an area of high 
humidity, which can be transported further inland. If the high humidity is radiatively 
cooled, it can result in localized condensation and forms radiation fog (some would call it 
advection-radiation fog (George 1951, Ryznar 1977). Alternatively, inland fog could be 
generated from condensation of localized evaporation from the salt flats of the Atacama 
Desert and classified as radiation fog (Cereceda et al. 2002). The inland fog could also be 
generated from possible mixing of different air masses to form mixed fog (Degefie et al. 
2015). Therefore, in addition to the traditional fog classification techniques, there is a 
critical need for an objective method that will enable reliable fog differentiation over a 
large geographic area. 
Stable isotopes are one of the best tools available to trace fog water movement 
because isotope fractionation imparts unique signatures that can be used as environmental 
tracers (Ingraham and Matthews 1988). Over the years, stable isotopes have been 
successfully applied to different fog studies and have shown that in some environments fog 
contributes to groundwater recharge (Ingraham and Matthews 1988, 1990, Scholl et al. 
2002) and vegetation water use (Dawson 1998, Limm et al. 2009, Simonin et al. 2009). 
Although the spatial variation of fog has been investigated at some sites (Bari et al. 2016, 
Tardif and Rasmussen 2007), the classification methods are often based on subjective 
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algorithms. As George (1951) points out, there will always be exceptions to classification 
based on meteorology or aviation forecasting. Here we utilize a classification system based 
on the isotope approach composed of three fog classes: advective (externally sourced), 
radiation (locally generated), mixed fog (advection + radiation). The objectives of this 
study were to identify the fog classes of each fog event at multiple sites, identify source 
waters of different fog types during each fog event and understand the spatial distribution 
of these fog types within the Namib Desert. 
 
3.2 Materials and Methods 
3.2.1 Site description 
This study was conducted in the central Namib Desert located on the south-western 
edge of the summer rainfall zone (Schulze 1969) (Fig. 3.1). The central Namib Desert 
receives less than 25 mm annual rainfall (Eckardt et al. 2013), while the western half 
receives less than 12 mm (Henschel and Seely 2008), resulting in an east-west decreasing 
rainfall gradient (Hachfeld et al. 2000, Lancaster 1984). Fog occurs throughout the year 
but peak seasons differ between the coast and the interior. The peak fog season for the coast 
is winter while that for the interior is summer. However, the greatest fog intensity for all 
sites is between June and July (Lancaster, 1984). There is a west-east gradient with 
decreasing fog frequency (Lancaster 1984). Rainfall and groundwater availability are often 
the primary determinants of species distribution in the Namib Desert (Schachtschneider 
and February 2010), with large trees confined to the eastern edge of the desert and along 
ephemeral water courses (Burke 2006) where they access the shallow alluvial aquifers 
(Lange 2005). The sampling sites were located between the Swakop and Kuiseb ephemeral 
rivers (Fig. 3.1). 
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Figure 3. 1 Map indicating the location and extent of the Namib Desert and Namib fog-
zone in southern Africa, with the spatial distribution of the individual sampling stations. 
FN (FogNet) denotes a station that is part of the SASSCAL network and the photo shows 
a typical setup of the automated weather station. The Swakop River groundwater sampling 
points were obtained from Marx (2009). 
 
3.2.2 Sample collection 
Fog samples were collected from a total of 13 stations. Eight stations were part of 
the Southern African Science Service Centre for Climate Change and Adaptive Land 
Management (SASSCAL) or FogNet (FN) project, while the remaining five were 
temporary stations (Fig. 3.1 and Table B3.1). The FN stations were equipped with 
automated meteorological instrumentation along with a passive cylindrical fog collector 
facilitating fog collection and correlation with local meteorological conditions (Fig. 3.1). 
Data was recorded at hourly intervals from the FN stations and consisted of wind speed, 
air temperature, soil temperature (10 cm depth), rainfall, relative humidity (RH) and leaf 
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wetness. Because atmospheric pressure was only recorded at Coastal MET FN and 
Vogelfederberg FN stations, specific humidity was only computed for these two stations. 
Each temporary station (station 1 to 5) consisted of a passive flat fog collector (1 m2) after 
Schemenauer and Cereceda (1994) and was established primarily to increase spatial 
sampling coverage. The total area covered by all fog stations was about 1700 km2 and a 
roundtrip visit was about 250 km (Fig. 3.1). Fieldwork was conducted from the 9th June–
22nd June 2016 and involved daily site visits to all stations to inspect and collect fog 
samples (Fig. 3.1). Fog events were identified by the presence of sample in the fog 
collectors. At the FN stations this was in conjunction with wetness recorded on the leaf 
wetness sensor (0.1 m above the ground). The leaf wetness data enabled determination of 
the duration of the fog event and associated meteorological conditions. Fog samples were 
transferred into 15 mL Qorpak clear French square bottles with black phenolic polycone 
lined caps, labelled appropriately with the sample type location and date and stored at the 
Gobabeb Research and Training Centre (Gobabeb), until they were shipped to Indiana 
University-Purdue University Indianapolis (IUPUI) Ecohydrology Lab for isotope 
analysis. 
 
3.2.3 Isotope analysis 
We used a Triple Water Vapor Analyzer (Los Gatos Research Inc., Mountain View, 
CA, USA), for isotopic analysis with a precision of 0.2‰ δ18O and 0.8‰ δ2H similar to 
those reported elsewhere (Wang et al. 2009). Data was reported in δ notation relative to 
VSMOW-SLAP scale as 
δ =
𝑅sample
𝑅VSMOW
− 1 , (1) 
where Rsample and RVSMOW are the molar ratios of heavy to light isotopes international (
2H/H 
or 18O/16O) of the sample and standard - Vienna Standard Mean Ocean Water (VSMOW). 
 
3.2.4 Differentiation of fog sources based on isotopes 
Isotope fractionation imparts unique signatures on meteoric water that can be 
combined with deuterium excess, defined as d = δ2H – 8 × δ18O (Dansgaard 1964), to 
determine source origins and evaporative conditions (Merlivat and Jouzel 1979). Because 
fog is a first-stage condensate controlled by equilibrium fractionation processes, it should 
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plot on a meteoric water line reflecting its origins (Gonfiantini and Longinelli 1962, Jouzel 
1986, Majoube 1971, Stewart 1975). We thus assumed fog formed from oceanic vapour 
would plot on the global meteoric water line (GMWL), fog formed from local meteoric 
waters on the local meteoric water line (LMWL) and fog formed from a mixture of the two 
air masses would plot between the two meteoric water lines (Kaseke et al. 2017). Since 
transpiration and equilibrium fractionation do not alter d (Dansgaard 1964, Gat 2005), fog 
d derived from locally transpired vapour would be similar to LMWL d, while advective d 
would be similar to that of GMWL, +10‰. However, because evaporation increases d of 
vapour relative to evaporating water (Gat and Matsui 1991, Salati et al. 1979), fog formed 
from evaporated vapour should have a larger d than the LMWL. Therefore if radiation fog 
plots on the LMWL we assume it did not undergo evaporative enrichment after formation. 
If its d is smaller or equal to the LMWL d, this suggests transpiration is the main vapour 
transport pathway and transpired vapour is used for fog formation. If its d is larger than the 
LMWL, this suggests a significant contribution of vapour from evaporation of local water 
sources. Admixture of different air masses will lead to significantly greater d compared to 
LMWL d (Gat and Matsui 1991, Liu et al. 2007, Martinelli et al. 1996), thus we expect 
mixed fog d to have a larger d than LMWL. From Kaseke et al. (2017), despite being 
transported 60 km inland, advective fog plotted around the GMWL and had an isotopic 
composition similar to that sampled from the coast. Therefore, we should be able to identify 
advective fog isotopically from all sampling sites as the furthest sites were located about 
60 km inland (Fig. 3.1). 
Because the stations were remote and receive similar amounts of rainfall, typically 
less than 20 mm annual rainfall (Henschel and Seely 2008), defining a LMWL for each 
site would be challenging. Instead, we assumed similar meteorological conditions across 
the sites given their close proximity (Fig. 3.1). This assumption enabled the application of 
the LMWL defined for Gobabeb, δ2H = 7.01 × δ18O – 0.6 (Kaseke et al. 2017), to all sites. 
This LMWL was generated from precipitation, ephemeral water and groundwater samples 
obtained from Gobabeb (2014–2015) and excluded fog and dew. Because transpiration is 
non-fractionating, transpired vapour is isotopically similar to source waters (Wang et al. 
2010, Wang et al. 2012), hence groundwater was included to the LMWL to account for 
possible vegetation groundwater uptake along the riverbeds (Fig. 3.1). 
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3.2.5 Trajectory Analyses 
All FN stations received rainfall on the 6th and 7th June 2016, supporting the 
assumption of similar meteorological conditions across sites (Table 3.1). Hybrid Single 
Particle Lagrangian Trajectory Model (HYSPLIT) (Stein et al. 2015) was used to model 
the origin of these rain events for each of the FN stations. Based on the data from each FN 
station, we calculated dewpoint temperature (Berry et al. 1945) at the start of the rainfall 
event at each station. We used this value to calculate an approximate cloud height, lifted 
condensation level (LCL), for the rain event at the station. The back-trajectory of the rain 
producing air-mass was then computed based on the LCL to identify origins (Soderberg et 
al. 2013). However, because there may be microclimatological differences among sites, we 
analysed air temperature, soil temperature and RH among sites and classified the sites into 
two groups: northern (Coastal MET, Kleinberg, Station 3, Station 4, Sophies Hoogte and 
Marble Koppie) and southern sites (Vogelfederberg, Station 8, Aussinanis, Gobabeb, 
Station 1, Station 2 and Station 5) (Fig. 3.1). Statistical analysis was performed in PAST 3 
(Paleontological Statistics, Natural History Museum, University of Oslo), with parametric 
methods for normally distributed data and non-parametric methods for non-normally 
distributed data. 
 
3.3 Results and Discussion  
3.3.1 Classification of fog on the 10th June 2016 
Sufficient sample for isotopic analysis on the 10th June 2016 was obtained from 
eleven of the twelve sites (station 5 was not set up yet). Nine of these fog samples plotted 
on the LMWL, suggesting they were derived from local meteoric waters (Fig. 3.2). These 
samples were defined by the regression line δ2H = 6.17 × δ18O – 1.2 and we did not find 
any significant differences in either slope or intercept between the fog line and LMWL 
(One-Way ANCOVA, p > 0.05). There were also no significant differences between fog d 
(–0.9‰ ± 1.2) and LMWL (+3.6‰ ± 8.8) (One-way ANOVA, Welch F test p > 0.05), thus 
we concluded these samples were generated entirely from local meteoric waters, radiation 
fog (δ18O (–0.2‰ ± 0.4), δ2H (–2.4‰ ± 2.7) and d (–0.9‰ ± 1.2) (n = 9) (Fig. 3.2 and Fig. 
3.3) (Kaseke et al. 2017).  
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The remaining fog samples plotted between the GMWL and LMWL, suggesting 
admixture of different air masses (Gat and Matsui 1991, Liu et al. 2007, Martinelli et al. 
1996), mixed fog (Kaseke et al. 2017) (Fig. 3.2). However, the Aussinanis sample plotted 
to the right of the mixed fog line suggesting evaporative enrichment of the sample (Fig. 
3.2). The enriched isotopic composition and low d (–1.8‰) of the Aussinanis sample 
relative to other samples was consistent with this conclusion (Table B3.1). Therefore we 
did not characterise mixed fog because the Gobabeb fog sample was the only unevaporated 
mixed fog sample, d (+5.5‰). Both mixed fog and radiation fog require similar conditions 
for formation e.g., radiative cooling and calm winds (< 2.5 ms–1) (Meyer and Lala 1990, 
Roach et al. 1976, Tardif and Rasmussen 2007), conditions that were prevalent during the 
fog events at all sites (Table B3.2). However, there was a noticeable difference in the 
degree of radiative cooling and RH during the fog event between the mixed fog sites and 
the radiation fog sites. Mixed fog sites had a 6.5°C temperature drop with 94.6% RH while 
radiation fog sites had a 3.2°C temperature drop with 98.8% RH (Table B3.2). The 
dominant wind direction was variable among sites indicating micro-climatological 
differences (Table B3.2). 
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Figure 3. 2 Isotopic classification of fog samples collected from 10 sites in the Central 
Namib Desert on the 10th June 2016 into mixed fog and radiation fog. The GMWL, 
LMWL, and radiation fog line were used as references and adapted from Kaseke et al. 
(2017).  
 49 
  
  
 
Figure 3. 3 Temporal and spatial variation of fog classification in the Central Namib 
Desert, June 2016. 
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Kaseke et al. (2017) attributed radiation fog around Gobabeb to local 
evapotranspiration from the ephemeral Kuiseb River and/or recent rainfall. Vegetation is 
restricted to ephemeral water courses and the eastern edge of the Namib Desert (Burke 
2006). Therefore, radiation fog originating from groundwater would be restricted to sites 
along the ephemeral rivers e.g., Stations 1, 2, 5 and Gobabeb, while that from rainfall would 
be widespread but generally restricted to topographic lows e.g., inter dunes (Eckardt et al. 
2013) (Fig. 3.1). Given the location of the study area, between two ephemeral rivers, 
transpiration of groundwater by ephemeral vegetation could be a source of moisture that 
generated this fog. This would account for the similarity between radiation fog d and 
LMWL. However, because the area received rainfall on the 6th and 7th June (Table 3.1 and 
Fig. B3.1), the high soil moisture coupled with conducive micro-climatological conditions 
at each site could also account for the formation of radiation fog over such a large area 
(Fig. 3.3). Therefore, radiation fog on the 10th June 2016 could have been derived from 
either the soil evaporate and/or transpired vapour from the ephemeral rivers. The 
groundwater isotopic composition of the Swakop River (Marx 2009) plotted on the LMWL 
defined for Gobabeb, suggesting similar sources and conditions (Fig. B3.2). 
 
Table 3. 1 Rainfall amounts recorded at each FogNet site in the Central Namib Desert, 
June 2016.  
 Rainfall (mm) 
Site 6 June 2016 7 June 2016 
Coastal MET 2.4 1.7 
Kleinberg 3.8 0.3 
Sophies Hoogte 4.7 3.7 
Marble koppie 4.4 3.0 
Vogelfedeberg 3.1 4.6 
Station 8 4.4 9.0 
Aussinanis 3.7 13.3 
Gobabeb 3.8 8.7 
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The source isotopic composition of rainfall (δ18O +3.27‰ and +22.34‰) received 
on the 6th and 7th June was enriched relative to radiation fog sampled on the 10th June 2016 
(Fig. 3.2). Fog has been reported to be isotopically enriched relative to local rainfall (if 
they are from the same source) because it is a first stage condensate and formed at generally 
higher temperatures than rainfall (Gonfiantini and Longinelli 1962, Ingraham and 
Matthews 1988, Scholl et al. 2011). However, local rainfall can be more enriched 
isotopically than fog in some arid environments because sub-cloud evaporation could result 
in in enrichment beyond that observed in the first stage condensates alone (Kaseke et al. 
2017). Backward trajectory analysis of rainfall received on the 6th and 7th June 2016 
showed that both rainfall events originated from the Indian Ocean (Fig. 3.4). The rain 
isotopic composition was consistent with enrichment predictions due to sub-cloud 
evaporation for the Namib Desert since its d (-3.8‰) was lower than the LMWL (+3.6‰) 
(Fig. 3.4) (Kaseke et al. 2017). We thus concluded that fog observed on the 10th June 2016 
was derived from local meteoric waters through evapotranspiration (Fig. 3.2). 
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Figure 3. 4 Map of Southern Africa showing origins of rain that fell over the Central Namib 
Desert on the 6th, 7th and 14th June 2016. These trajectories were calculated using HYSPLIT 
for each of the eight FogNet stations that were included in the study.  
 
3.3.2 Classification of fog on the 17th June 2016 
Fog collected on the 17th June 2016 was observed at s even sites and the majority 
of samples showed evidence of evaporative enrichment but plotted close to the LMWL 
(Fig. 3.5). This was supported by the significantly lower fog d (–4.1‰ ± 3.3) compared to 
the LMWL (+3.6‰) and the low fog yield at Sophies Hoogte, Marble Koppie and 
Vogelfederberg (Table B3.3) (One-way ANOVA, Welch test p < 0.05). Therefore we did 
not characterise the isotopic composition of fog sampled on the 17th June. However, we 
defined a fog evaporation line δ2H = 6.24δ18O – 5.98 (r2 = 0.99) for these fog samples and 
found no significant difference in either slope or intercept between the fog evaporation line 
and the LMWL (One-way ANCOVA, p > 0.05). Coupled with the puddle in Fig. B3.1 
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which persisted until the 19th June 2016, these results suggest that the rainfall events on the 
6th and 7th may have had an ecohydrological impact beyond their onset date. Therefore, we 
concluded these fog samples were derived from local meteoric waters and classified it as 
radiation fog. 
 
 
Figure 3. 5 Isotopic classification of fog samples collected from the Central Namib Desert 
on the 17th June 2016. The GMWL, LMWL, and radiation fog lines were used as references 
and adapted from Kaseke et al. (2017). 
 
Wind speeds during the fog event on the 17th June 2016 were generally calm (< 2.5 
ms–1) with the exception of Vogelfederberg (Table B3.2). However, the dominant wind 
direction for all sites had easterly origins eliminating the ocean as the source because 
advective fog would have either north-westerly (Seely and Henschel 1998) or south-
westerly origins (Eckardt et al. 2013) (Table B3.2). Advection-radiation fog is associated 
with an increase in specific humidity due to inflow from the ocean during the daylight 
hours (Bari et al. 2016). However, although Volgefederberg showed an initial increase in 
specific humidity on the 16th June 2016, by end of the daylight hours this had decreased 
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and only increased during the night by 0.8 g kg–1 just before fog onset at 0:00 hrs (Fig. 
B3.3). In the hours preceding fog onset, the wind originated from an easterly direction. The 
Coastal MET site showed a similar but smaller increase (0.4 g kg–1) in specific humidity 
during the fog event. These results therefore do not support advection-radiation (mixed) 
fog classification but support our classification of fog on the 17th June 2016 being radiation 
fog. 
Fog on the 17th June 2016 was restricted to the northern sections of the study area 
while absent from the southern sections (Fig. 3.3). Because fog occurs only when particular 
atmospheric conditions are met (Jacobs et al. 2002), this implies conditions conducive for 
fog formation were not met in the southern sites on the 17th June 2016 (Fig. 3.3). We 
analyzed 2016 meteorological data and did not find any significant differences in RH, air 
and soil temperature (Mann Whitney U tests, Bonferroni p > 0.05) among the northern sites 
or among the southern sites indicating similar meteorological conditions within the 
northern and southern sites. However, inter-region (north versus south) comparisons 
showed that RH in the northern sites (66.95%) was significantly higher than in the southern 
sites (53.60%) (Mann Whitney U test, p < 0.05). Air temperature was significantly lower 
at the northern sites (18.87°C ± 2.6) compared to the southern sites (20.72°C ± 2.4) 
(ANOVA, p < 0.05). There was no significant difference in soil temperature at 10 cm depth 
between the sites: northern sites (24.6°C ± 3.5) compared to southern sites (25.8°C ± 3.8). 
These results suggest that conditions in the northern sites were more conducive for 
radiation fog formation than the southern sites because of the higher RH and lower air 
temperature. Therefore, we attribute the absence of radiation fog in the southern sites on 
the 17th June, to microclimatological differences between the northern (cooler and more 
humid) and southern (warmer and drier) sites (Fig. 3.3). However, the differences between 
the northern and southern sites in air temperature and RH could also be due to higher fog 
frequency at the northern sites. 
 
3.3.3 Classification of fog on the 18th June 2016 
Fog on the 18th June 2016 was observed at all sites; however, isotopic analysis 
suggested three types of fog occurred over the area (Fig. 3.3). Advective fog was observed 
at four sites, radiation fog at seven sites and mixed fog at one site (Fig. 3.6). The sample 
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obtained from Station 8 was insufficient for isotopic analysis and was not classified (Fig. 
3.3). Advective fog plotted close but to the right of the GMWL and the advective fog line 
from (Kaseke et al. 2017), suggesting evaporative enrichment of the samples (Fig. 3.6). 
The advective fog samples were defined by the regression line δ2H = 9.93δ18O +7.74 (r2 = 
0.77) and there was no significant difference in slope between this line and the advective 
fog line from Kaseke et al. (2017) (ANCOVA, p > 0.05). However, d of these samples 
(+6‰) was significantly lower than that of the advective fog line (+7.6‰) and GMWL 
(10‰) (One-way ANOVA, Welch F test, p < 0.05), which could be taken as evidence of 
evaporative enrichment, thus we did not characterise advective fog. Wind data was 
consistent with this classification, showing westerly and north-westerly origins of fog for 
Coastal MET and Kleinberg stations (Fig. 3.3 and Table B3.2). 
 
 
Figure 3. 6 Isotopic classification of fog samples collected from 12 sites in the Central 
Namib Desert on the 18th June 2016 into advective fog, mixed fog and radiation fog. The 
GMWL, LMWL, advective fog line, mixed fog line and radiation fog line were used as 
references and adapted from Kaseke et al. (2017). 
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Computing forward trajectories of advective fog observed at Coastal MET and 
Kleinberg based on the dominant winds, we expected the fog to extend to Sophies Hoogte 
(~50 km inland) but the sample obtained from Sophies Hoogte was classified as mixed fog 
based on isotopes (Fig. 3.6). This suggests either, dissipation of advective fog downwind 
and the mixing of residual humidity with locally derived moisture followed by radiative 
cooling of the mixed air mass to generate mixed fog, or, advective fog incorporating 
substantial amounts of local moisture along its inland trajectory altering its isotopic 
composition to that of mixed fog while maintaining the same RH (Fig. 3.3 and Table B3.2). 
The dominant wind direction at Sophies Hoogte (342°) suggests advective fog or residual 
moisture may have entered the Namib Desert north of the Swakop River, incorporating 
transpired vapour along the river transforming into mixed fog as it extended southwards 
(Fig. 3.1 and Table B3.2). As the fog extended south, it may have also incorporated soil 
evaporate (Fig. B3.1), resulting in the mixed fog isotopic composition of the sample 
obtained from Sophies Hoogte (Fig. 3.3). 
Seven fog samples from the 18th June were classified as locally generated, radiation 
fog samples (Fig. 3.3). Three samples plotted directly on the LMWL consistent with local 
origins of fog (δ18O –2.8‰, δ2H –20.1‰), while the remaining plotted to the right of the 
LMWL suggesting evaporative enrichment and were excluded from isotopic 
characterisation (Fig. 3.6). Radiation fog d (+2.1‰ ± 0.6) was similar to LMWL (+3.6‰ 
± 8.8) (One-way ANOVA, Welch F test p > 0.05) suggesting local origins of the fog. 
Interestingly, all sites classified as having received radiation fog had on average lower RH 
during the fog event than sites with samples classified as advective and mixed fog (Fig. 3.3 
and Table B3.2). 
Marble Koppie was dominated by westerly winds during the fog event, suggesting 
extension of mixed fog further inland (~60 km), but the isotopic composition was 
consistent with local origins (Fig. 3.3 and Table B3.2). Coupled with the decrease in RH, 
these results suggest that the advecting mixed fog/moisture incorporated more local 
moisture increasing its contribution while RH decreased. This resulted in a change in the 
isotopic composition to reflect the dominance of the local moisture contribution to fog ~60 
km inland, radiation fog (Fig. 3.3 and Fig. 3.6). Taking into account the west-east and 
north-south wind trajectories during the fog occurrence at Kleinberg and Sophies Hoogte, 
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respectively (Table B3.2), it suggests convergence of these systems about 50 km inland, 
extending fog in a south-easterly direction to about 60 km inland (Fig. 3.3). However, fog 
samples obtained from sites 60 km inland were classified as radiation fog, suggesting that 
either the fog observed at Sophies Hoogte dissipated before 60 km and the fog observed at 
these sites was generated from local moisture (6th and 7th June rains) or the mixed fog 
observed at Sophies Hoogte incorporated more local moisture along its trajectory inland 
altering the isotopic composition to that of radiation fog (Fig. 3.3 and Fig. 3.6). The 
dominant winds during the fog event at the southern sites (~60 km inland) was variable 
e.g., Gobabeb and Station 8 had southerly origins, Aussinanis (north-westerly) while 
Vogelfederberg had easterly origins (Table B3.2). The southerly wind origins at Gobabeb 
suggest that transpiration from the Kuiseb River may have contributed moisture to 
radiation fog (Fig. 3.1 and Fig. 3.3). 
Interestingly, Station 2 (~30 km inland, 215 m a.s.l) was classified as radiation fog 
and received less input than Stations 3 and 4 (~ 33 km inland, 185 m a.s.l) which were 
classified as advective fog (Fig. 3.3 and Table B3.4). This suggests substantial amounts of 
locally derived moisture was added to advective fog/moisture within ~30 km from the 
coast, altering the isotopic composition to reflect the dominance of the local moisture input 
component to the fog observed at Station 2 (Fig. 3.3). This local moisture could have been 
generated from the residual soil moisture (6th and 7th June rains) and the ephemeral 
vegetation given the proximity of Station 2 to the Kuiseb River (Fig. 3.1). Similarly, the 
fog samples from Station 1, 5 and Gobabeb located along the Kuiseb River were also 
classified as locally generated fog (Fig. 3.1 and Fig. 3.3). 
These results suggest that the observed widening or extension of the Namib fog-
zone to about 60 km inland between the Swakop and Kuiseb rivers could be due to the 
perpetuation of ‘advective’ fog by evapotranspiration from river vegetation in addition to 
the effect of topography (Cermak 2012, Lancaster 1984) (Fig. 3.1). 
 
3.3.4 Classification of Fog on the 19th June 2016 
Fog on the 19th June 2016 was experienced at all 13 stations. However, there was 
insufficient sample for analysis from the Coastal MET station (Fig. 3.3). The five fog 
samples classified as mixed fog: δ18O (–1.1‰ ± 0.4), δ2H (–5.1‰ ± 3.4) and d (+3.9‰ ± 
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0.8) (Fig. 3.3 and Fig. 3.7) were restricted to the northern sites (Fig. 3.3). Although mixed 
fog d (+3.9‰) was not significantly larger than the LMWL (+3.6‰) (One-way ANOVA, 
Welch F test, p > 0.05), the samples plotted between the GMWL and LMWL on the mixed 
fog line from Kaseke et al. (2017) suggesting admixture of different air masses, mixed fog 
(Fig. 3.7). Although somewhat similar to the 18th June fog, the fog on the 19th June was 
unique in that local moisture inputs to advective moisture/fog was substantial to alter the 
isotopic composition of the fog at all northern sites, to form mixed fog (Fig. 3.3). Because 
the fog yield on the 19th was generally lower than on the 18th June 2016, suggests a light 
advective fog (low preciptable water) and the local moisture additions along the trajectory 
increased the fog preciptable water resulting in a west-east increasing fog yield gradient 
(Table B3.3). 
 
 
Figure 3. 7 Isotopic classification of fog samples collected from 13 sites in the Central 
Namib Desert on the 19th June 2016 into mixed and radiation fog types. The GMWL, 
LMWL, mixed fog line and radiation fog line were used as references and adapted from 
Kaseke et al. (2017). 
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All fog samples collected from the southern sites plotted on the LMWL and there 
was no significant difference between fog d (+0.1‰ ± 1.2) and LMWL (+3.6‰), hence 
classified as radiation fog (δ18O (–1.3‰ ± 1.7), δ2H (–10.5‰ ± 3.9)) (Fig. 3.3 and Fig. 
3.7). This fog may have been formed by radiative cooling of moisture derived from local 
waters as wind directions were variable among sites while wind speeds at each site were 
consistent with those associated with radiation fog (< 2.5 ms–1) (Meyer and Lala 1990, 
Roach et al. 1976, Tardif and Rasmussen 2007) (Table B3.2). Or, this fog was formed by 
the perpetuation of mixed fog inland with addition of local moisture along its trajectory 
similar to that proposed for the 18th June 2016. Therefore, although fog observed over the 
area on the 19th June may appear like a single fog event, the isotopic data suggests this was 
composed of mixed fog in the northern sections and radiation fog in the southern sites (Fig. 
3.3). 
 
3.3.5 The Relationships between radiation fog isotopic compositions and physical factors 
We analysed meteorological data of all FN radiation fog samples that did not show 
evidence of evaporative enrichment (plotted on the LMWL) and defined these as δ2H = 
7.15 × δ18O – 1.42 (r2 = 0.99, n =13). There was no significant difference between the 
LMWL and the radiation fog line in either slope or intercept (One-way ANCOVA, p > 
0.05). There was also no significant difference between the d of the LMWL (+3.6‰) and 
the radiation fog line (–0.1‰ ± 1.6) (One-way ANOVA Welch F test, p > 0.05). Therefore, 
we concluded that these fog samples were derived from local meteoric waters. 
Our results show that radiation fog δ18O and δ2H were positively correlated with 
soil temperature (at 10 cm depth) (p < 0.05) (Fig. 3.8a and Fig. 3.8b). The recent rains 
received over the area (Table 3.1 and Fig. 3.4) resulted in saturation of the soil surface with 
surface storage at some sites (Fig. B3.1). However, these soils were exposed to evaporative 
conditions, which resulted in drying of the soil, creating unsaturated conditions from the 
surface. Overtime, soil tortuosity increases and vapour movement becomes the dominant 
avenue for water transfer to the surface (Philip 1957). Vapour movement in arid soils is an 
important means of water transfer (Evans and Thames 1981) and nocturnal cooling may 
generate a thermal gradient sufficient for upward vapour movement from soil to 
atmosphere (Francis et al. 2007, Philip 1957). On average, our sites show a 4.9°C night 
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time soil-atmosphere temperature gradient during radiation fog events, which would 
facilitate night time evaporation from the soil (Table B3.2). Soil water becomes enriched 
in both 18O and 2H at the soil surface due to evaporation that is dominated by kinetic 
fractionation effects (Allison and Barnes 1983). The resulting vapour transferred into the 
atmosphere is thus isotopically depleted in 18O and 2H compared to the soil water. 
Condensation of this vapour during fog formation (equilibrium fractionation) results in a 
condensate that is depleted in 18O and 2H compared to the soil water or rain (Fig. 3.2). As 
soil temperatures increase, kinetic fractionation effects are reduced causing an increase in 
δ18O and δ2H in the vapour and consequently 18O and 2H enrichment in fog condensed from 
this vapour (Fig. 3.8a and Fig. 3.8b). Interestingly, we did not find any significant 
correlation between radiation fog δ18O and δ2H and air temperature. 
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a) 
 
b) 
 
c) 
 
d) 
 
Figure 3. 8 The relationship between soil temperature at 10 cm depth and radiation fog 
isotopes a) δ18O and b) δ2H. The relationship between relative humidity and radiation fog 
c) δ18O and d) δ2H). 
 
Radiation fog δ18O and δ2H was also positively correlated with RH (Fig. 3.8c and 
Fig. 3.8d, p < 0.05). Since the observed radiation fog was likely derived from soil moisture, 
this means RH was related to the amount of soil moisture transferred into the atmosphere. 
Because evaporation from the drying soil is dominated by kinetic fractionation effects 
resulting in a vapour depleted in 18O and 2H, condensation at low humidity results in fog 
with low δ18O and δ2H values. However, as more moisture is transferred into the 
atmosphere increasing RH, this also increases vapour δ18O and δ2H values and 
condensation of this vapour under equilibrium conditions should result in an increase in 
δ18O and δ2H in the resulting condensate (Fig. 3.8c and Fig. 3.8d). 
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We acknowledge the limitations of our study such as the limited dataset and the 
unusually large winter rainfall, which may not reflect typical conditions over the study 
area. However, despite these limitations, this study demonstrated that besides advective 
fog, radiation and mixed fog occurred regularly in this section of the Namib Desert, at least 
during the observation period. Furthermore, stable isotope analysis of fog suggests co-
occurrence of different types of fog during what appears as a single fog event over a large 
geographic area, similar to the observations of Bari et al. (2016) in Morocco. This suggests 
that our current understanding of fog dominated ecosystems could be overly simplistic thus 
there is a need for further studies to understand spatial variability of fog types, their 
significance to ecohydrology and how shifts or changes might affect the composition of 
endemic flora and fauna in the future. The study also suggests a north-south decreasing fog 
gradient similar to that reported by Olivier (1995). 
 
3.4 Conclusions 
Local precipitation over the Namib Desert had impacts on fog formation beyond 
their onset resulting in localized fog, radiation fog. Formation of this localized fog was 
dependent on micro-climatological conditions at each site and occurred more frequently in 
the more humid and cooler northern sites compared to the southern sites. 
Evapotranspiration from the Swakop and Kuiseb rivers could be influential in perpetuating 
fog inland, creating the observed extension/bulge of the fog-zone inland, in the area 
between these ephemeral rivers. It is important to acknowledge the short span of the 
observations in this study, thus future studies using this novel isotope framework are 
needed to confirm the observed spatial trend. Nonetheless, isotope analyses have 
demonstrated spatial variations of fog over this area and that what appears as a single fog 
event may be a mix of different fog types with different formation processes. Such 
information is particularly important for the Namib Desert because the response of fog 
dependent desert organisms to climate change is dependent or linked to the source of the 
fog: ocean or locally generated. 
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CHAPTER 4: FOG AND DEW AS POTABLE WATER RESOURCES - 
HARVESTING TECHNIQUE IMPROVEMENTS AND WATER QUALITY 
CONCERNS 
 
4.1 Introduction  
Water is a critical resource upon which all socioeconomic activities depend, thus 
universal access to potable water and water resources is an imperative in all internationally 
agreed development objectives (WWAP 2012). It is estimated that 1.2 billion people live 
in areas of physical water scarcity (WWAP 2012), 90% of whom live in developing nations 
with population growth rates above the global average, exerting more pressure on water 
resources and exacerbating the situation (Wang et al. 2012). Furthermore, it is estimated 
an additional 500 million people are approaching physical water scarcity (WWAP 2012), 
while 1.6 billion people face economic water shortages (Water 2007).Water scarcity is thus 
one of the major threats to mankind in the 21st century (Prinz 2000) and harvesting of 
ancillary potable water resources may ameliorate water scarcity. Fog and dew are two such 
potentially exploitable ancillary water resources.  
 
4.2 Discussion 
4.2.1 Definitions and harvesting 
Although often considered as the same input (Brown et al. 2008), fog and dew are 
different meteorological phenomena, controlled by different formation processes (Kaseke 
et al. 2017, Wang et al. 2016). Fog is the suspended water droplets in the atmosphere 
reducing visibility to less than 1 km (WMO 1992), while dew is the formation of water 
droplets on a sufficiently cooled substrate surface (Beysens 1995). Interest in fog as a 
potable water resource often eclipses interest in dew (Fig. 4.1). This is attributable to 
differences in the potential yield per event e.g., fog can be as high as 50 L m-2 day-1 (Abdul-
Wahab et al. 2007), while dew has a theoretical maximum of 0.8 L m-2 day-1 (Monteith 
2013). However, in some places such as Mirleft (Morocco), dew may present a better 
harvesting potential: annual frequency dew (48.8%) and yield (20 L m-2 yr-1) vs. fog 
frequency (5.5%) and yield is (1.4 L m-2 yr-1) (Lekouch et al. 2012). Nonetheless, some 
regions have an abundance of both fog and dew e.g., the Central Namib Desert (Henschel 
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and Seely 2008). In these environments, both fog and dew harvesting could augment 
groundwater resources which can be brackish during certain times of the year 
(Shanyengana et al. 2002). In addition, dew harvesting can be integrated into or conducted 
from existing infrastructure like roofs, combined with rain harvesting, and result in 
financial savings (Fig. 4.2) (Clus et al. 2013).  
 
 
Figure 4. 1 Global distribution of fog and dew collection and or evaluation projects, both 
operational and non-operational. 
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a) 
 
b) 
 
Figure 4. 2 Dew collection project in Manquehua Chile, a) rooftop dew collection and b) 
pipes and storage system. The same system is used for rainfall harvesting. CREDIT: 
Carvajal D. / Universidad de La Serena, Chile (with permission). 
 
4.2.2 Potential of harvesting technique improvements 
Fog and dew yield are functions of the prevailing meteorological conditions, as well 
as the efficiencies of the fog collecting mesh (de Dios Rivera 2011) and receiving substrate 
surface characteristics of the dew collector (Beysens 1995). However, the de facto fog 
harvesting mesh material, Raschel mesh, was not developed specifically for this purpose 
and in fact, the properties of the material in relation to fog harvesting require further 
investigation (Briassoulis et al. 2007). Its adoption and that of local variants is thus more 
of convenience and local availability than suitability. Therefore, fog harvesting 
technologies could benefit from the use of materials specifically designed for fog 
harvesting which could increase yields by as much as five-fold (Park et al. 2013). Similarly, 
dew could also benefit from advancements in material science and collector designs 
developed specifically for passive dew collection (Sharan et al. 2017). For example, 
origami shaped roofs could increase dew yield efficiency by as much as 400% compared 
to planar surfaces for low yields (< 0.02 L m-2day-1) (Beysens et al. 2013). Assuming ceteris 
paribus, Table 4.1 and Table 4.2 demonstrate potential fog and dew yields, as well as 
populations potentially supported by re-evaluations of past projects. The potential fog 
yields may appear high, however, a recent mesh developed specifically for fog harvesting 
collected up to 66 Lm-2day-1 
(https://www.youtube.com/watch?time_continue=5&v=D_kXxGCi2-Q). This 
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demonstrates that such yields are achievable. However, yields will undoubtedly be limited 
by the fog liquid water content and duration of the event.
  
7
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Table 4. 1 Summary and re-evaluation of fog water harvesting potential for select locations and potential number of people supported 
by a single 40 m2 fog collector, based on minimum water requirements (7.5 L person-1 day-1) (Gleick 1996). 
 
 
Site 
 
Yield L/m2/ day 
Estimated population, 
supported by a 40 m2 LFC 
 
SFC SFCM SFC SFCM Source 
Cape Verde 12 60 64 320 (Sabino 2007) 
South Africa, Lepelfontein 4.5 22.5 24 120 (Olivier 2004) 
Nepal, Pathivara 3.6 18 19 96 (MacQuarrie et al. 2001) 
Namibia 2.4 12 13 64 (Shanyengana et al. 2002) 
India, Coimbatore 7.7 38.5 36 205 (Abhiram et al. 2015) 
Saudi Arabia 4 20 21 107 (Gandhidasan and Abualhamayel 2012) 
Note: SFC is standard fog collector, SFCM is a standard fog collector modified with a mesh that increases collection efficiency five-
fold (Park et al. 2013) and LFC is a large fog collector. 
 
 
 
 
 
 
 
  
  
7
4
 
Table 4. 2 Average dew yields from planar radiative condensers from different field studies vs projected yields using a hollow funnel 
condenser and origami (40% and 200% increase in efficiency, respectively). 
 
Site 
Average Dew yield [L/ m2/ day]  
Source Planar Cone Origami 
Kungsbacka, Sweden 0.15 0.21 0.30 (Nilsson 1996) 
Dodoma, Tanzania 0.06 0.08 0.12 (Nilsson 1996) 
Ajaccio, France 0.12 0.17 0.24 (Muselli et al. 2002) 
Jerusalem, Israel 0.2 0.28 0.4 (Berkowicz et al. 2007) 
Kothara, India 0.46 0.64 * (Sharan et al. 2017) 
Note: Plane is planar surface and * indicates values not calculated because efficiency calculation is not valid for reference (planar) 
values > 0.2 L/ m2/ day (Beysens et al. 2013). 
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4.2.3 Water quality concerns 
Most fog and dew research suggests that this water meets World Health 
Organisation (WHO) standards (Klemm et al. 2012), mainly based on major cation and 
anion analyses. However, it must be noted that fog and dew act as atmospheric scrubbers, 
thus their chemistry is a function of the air quality and gas-liquid-solid heterogeneous 
interactions in the region (Lekouch et al. 2011, Nath and Yadav 2017). This can result in 
fogs with acidic pH and high ion concentrations due to either oxidation of dimethyl 
sulphides from oceanic emissions to sulphates especially along coastal sites (Schemenauer 
and Cereceda 1992) or anthropogenic emissions due to industrial activities (Sträter et al. 
2010). These gas-liquid-phase interactions in the atmosphere contribute more to fog 
because it remains suspended, while in dew, are restricted to the surface of the condensate 
(Lekouch et al. 2011, Nath and Yadav 2017).  
Whereas acidity on its own is not a major human health concern, Sträter et al. 
(2010) note that acidic pH may result in extraction of heavy metals from aerosol 
particulates incorporated into fog and result in trace metal concentrations that may exceed 
local and/or WHO drinking water guidelines. The data on trace metal concentrations in fog 
and dew waters are extremely limited. However, the existing data does pose serious 
concerns in this regard. For example, acidic pH, high levels of selenium, arsenic and 
nitrates that exceed Chilean guidelines for potable water have been reported in fog water 
(Sträter et al. 2010). Elevated concentrations of aluminium and iron in excess of European 
Union drinking standards and lead concentrations on the WHO threshold have also been 
reported in water harvested from dew (Muselli et al. 2006). Unfortunately, most fog and 
dew studies do not include trace metals in their analyses thus we do not know how prevalent 
this problem is. At the same time, biological aspects of fog and dew water are also often 
ignored but the few studies that have investigated them suggest susceptibility to biological 
contamination, including coliform and enterococcus forms (Fuzzi et al. 1997, Muselli et 
al. 2006). Therefore, we urge cautionary practices e.g., increasing pH, use of filters and 
non-corrosive pipes and storage facilities as well as disinfection to make this water potable 
(Muselli et al. 2006, Sharan et al. 2011). Although these processes increase the cost of 
producing water from these systems, there are still cost effective compared to traditional 
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water sources in countries such as Chile (Cereceda et al. 1992), southwest Morocco 
(Lekouch et al. 2012) and India (Sharan et al. 2011, Sharan et al. 2017).  
 
4.3 Summary and Recommendations 
Can fog and dew harvesting replace traditional water resources? Probably not. 
However, they can supplement existing water resources, especially during the driest 
periods and collection efficiency can be significantly improved by adoption of materials 
specifically designed for these purposes. Based on the existing data, although we believe 
fog and dew to be potable after some treatments, we encourage trace metal analyses 
especially in samples collected from areas influenced by industrial activities or areas with 
fog and or dew that exhibits very low pH values since acidic pH of these waters could 
extract and elevate trace metal concentrations to levels harmful to human health. Although 
fog and dew harvesting aim to address the same problem, there are often not implemented 
together and yet any additional water sources in these arid environments is important.  It is 
thus no surprise that despite the many fog and dew reviews, there hasn’t been a single 
review paper that addresses the potability of both fog and dew in the same context. There 
is no coordination in either fog and/or dew harvesting projects worldwide such that it is 
difficult to analyse or access information about these projects. As an example, the authors 
of this paper reached out to 21 fog and dew researchers enquiring additional information 
on the status of different projects with the intention of generating a more detailed map for 
Fig. 4.1, but only received 4 responses or 14% of the requests. This was also partly 
attributable to the fact that some listed contact information was not current and despite our 
best efforts to locate these, emails went unanswered or we could not find alternative contact 
information. Therefore, it would be beneficial to have a coordinated and updated database 
where such information is readily available. This could later be expanded to include 
chemical and biological information for samples collected from these sites and this could 
help answer important questions such as how prevalent trace metal toxicity and biological 
contamination may be and what are the global trends.  
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CHAPTER 5: AN ANALYSIS OF PRECIPITATION ISOTOPE DISTRIBUTIONS 
ACROSS NAMIBIA USING HISTORICAL DATA 
 
5.1 Introduction 
Drylands are often defined on the basis of the ratio of mean annual precipitation to 
mean annual evaporative demand (UNEP and Thomas 1992, Ojima et al. 1993, Wang et 
al. 2012) and the aridity index (AI) is used to classify drylands as regions with AI < 0.65. 
Globally, they account for over 40% of the earth’s terrestrial surface (Slaymaker and 
Spencer 1998) and are characterised by low and often seasonal rainfall resulting in 
permanent or seasonal soil water deficit (D'Odorico and Porporato 2006) and ephemeral 
drainage. Despite limitations to dryland productivity due to water scarcity (Louw and Seely 
1982), they contribute approximately 40% of global net primary productivity (Grace et al. 
2006) supporting more than 2 billion people worldwide (Gilbert 2011, MEA 2005). Global 
water resources are inherently related to and affected by population growth (Vörösmarty 
et al. 2000). 90% of the dryland population resides in developing countries which have an 
above average population density growth, exacerbating the already tight limitations 
imposed by water availability and food security on these systems (Wang et al. 2012). 
Therefore, there is a need to understand hydrological processes at both global and local 
scales to create an inventory of available water resources and encourage efficient 
management of these resources. 
Stable isotopes (δ18O and δ2H) in precipitation and groundwater are valuable 
environmental tracers that can be used to understand dynamics and processes in hydrology, 
geology, ecology and climate research (Stumpp et al. 2014, Gat 1996, Soderberg et al. 
2013). Isotope fractionation processes impart unique signatures on meteoric water that can 
be combined with deuterium excess (d), a second-order isotope parameter defined as d = 
δD – 8 x δ18O (Dansgaard 1964) to determine vapour source origins and evaporative 
conditions (Merlivat and Jouzel 1979). Points that fall on the Global Meteoric Water Line 
(GMWL) have a constant d of 10‰ because rainout isotopic fractionation is considered an 
equilibrium process. Since the effect of equilibrium Rayleigh condensation processes 
roughly follows the GMWL slope of 8, variations in d can provide information about the 
environmental conditions (e.g., relative humidity and temperature) during non-equilibrium 
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processes in oceanic moisture source regions (Welp et al. 2012). Stable isotope hydrology 
is therefore based on interpreting isotope variations (δ2H, δ18O and d) in precipitation 
which are governed by the origins and conditions during cloud formation and rainout 
(Stumpp et al. 2014), thus the distribution of precipitation isotopes measured from a 
particular location reflect the local temperature, latitude and altitude (Clark and Fritz 1997, 
Friedman et al. 1964, Dansgaard 1964). The relationship between water isotope ratios, 
meteorological and geographical parameters allows for the production of regional and 
global isotopic landscapes - isoscapes (Bowen and Revenaugh 2003, Liu et al. 2010, 
Bowen and Wilkinson 2002b, Bowen and West 2008). These isoscapes enable the 
documentation and visualization of large-scale hydrological processes and provide point 
estimates. The examination of deviant values from the trend surface can highlight values 
that are unusual in their geographic context (Bowen and Revenaugh 2003). However, 
recent research suggests that d can be significantly altered by local processes and is thus 
not a true reflection (conservative tracer) of humidity at the source region as previously 
assumed (Welp et al. 2012, Lai and Ehleringer 2011, Zhao et al. 2014).  
Understanding the spatio-temporal variation of precipitation patterns (isotopes) 
could provide further information on regional and global hydrologic processes that enable 
better planning and preparation for climate change (Sánchez-Murillo et al. 2013). The basis 
for most global isoscapes is the Global Network for Isotopes in Precipitation (GNIP) 
dataset, initiated by the International Atomic Energy Agency (IAEA) and the World 
Meteorological Organisation (WMO) in 1961. However, the dataset has a coarse spatio-
temporal resolution in some areas and is also affected by station unevenness (West et al. 
2014) resulting in insufficient data coverage for many regions that are of interest to 
hydrologists, geologists and ecologists (Wassenaar et al. 2009, Zhao et al. 2012). These 
inconsistencies in data continuity complicate efforts to evaluate seasonal and long-term 
trends in isotope distributions as accuracy and precision of geostatistical estimation is 
linked to data density. To overcome the temporal heterogeneity of data, studies have 
adopted the use of long-term average values rather than specific months or years thus 
greatly increasing the sampling density by integrating data across time (Bowen 2010). The 
integration of data over time is achieved via two methods: weighted by amount approach 
(Bowen and Wilkinson 2002a) which gives a measure of the net flux of isotopes to the land 
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surface (Bowen 2010) and the alternative unweighted approach (Dutton et al. 2005) used 
as a last resort when handling historical data and amounts are scarce or not reported. 
However, regardless the method applied, data aggregation although advantageous in some 
circumstances will inevitably cause data reduction and details of data reduction should be 
carefully considered as they could potentially introduce random or systematic error within 
the reduced data set (Bowen 2010).  
Modelling of global hydrologic isoscapes has evolved over the years (Dutton et al. 
2005, Bowen and Wilkinson 2002b, Terzer et al. 2013, Bowen and Wilkinson 2002a); 
however, each of these models suffers some degree of uncertainty due to dataset problems 
mentioned previously. Additionally, isotope ratios show a strong correlation with mean 
annual temperature in nontropical regions (Bowen and Wilkinson 2002b), and global 
isoscapes do not always work well in the tropics explaining 58-61% of the global isotopic 
variance in precipitation (Terzer et al. 2013). Furthermore, there is often a mismatch 
between observed isotope data and modelled results when models are downscaled 
especially in data deficient regions (e.g., Africa, Asia and the topics) (Terzer et al. 2013). 
Researchers have employed various strategies to reduce the mismatch between the 
observed data and model results at regional or country level. These approaches include 
constraining the geographical extent of the models and adding meteorological data as 
explanatory variables to improve interpolations at local scales (Liu et al. 2008, Liebminger 
et al. 2006, Lykoudis and Argiriou 2007, Terzer et al. 2013, IAEA 2015). 
The Regionalised Cluster-based Water Isotope Prediction (RCWIP) model (IAEA 
2015, Terzer et al. 2013) is a recent precipitation isoscape model which out performs 
traditional modelling approaches 67% of the time. However, the RCWIP model (IAEA 
2015, Terzer et al. 2013) coverage is limited to specific regions thus for many regions we 
still have to rely on the fixed regression-interpolation models of global rainfall isoscapes 
such as the Bowen and Wilkinson model (Bowen and Revenaugh 2003, Bowen and 
Wilkinson 2002a). Spatial interpolation allows estimation of the isotopic composition of 
precipitation where data is not available by generating a smoothed trend surface that 
captures the geographic variability of the data. Therefore, despite the inherent problems of 
the GNIP dataset, improvements in model processing and data interpolation techniques 
make it a valuable resource and starting point to understanding hydrological isoscapes and 
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processes at a global scale. However, refinement of these models at a local scale is 
necessary especially in data scarce regions as these models may fail to capture important 
local trends due to the coarse resolution of the models.  
The goal of this study is to develop precipitation isoscapes that reflect local 
meteorological and physical conditions of a typical arid environment (Namibia) based on 
historical data from different isotope studies and use the generated isoscapes to address the 
following questions: 1) what are the differences between the globally fitted isoscape (GFI) 
and our precipitation isoscape? 2) is there a coherent spatial pattern in precipitation 
isoscapes across Namibia and what are the mechanisms responsible for the spatial pattern? 
 
5.2 Materials and Methods 
5.2.1 Site description 
Namibia is located on the south-western tip of the Southern African subcontinent. 
The country covers an area of over 825 000 km2 but is represented by only two stations in 
the GNIP network. Its position is strongly influenced by the aridifying nature of the cold 
Benguela current and dry descending air of the Global Hadley Circulation which limits 
convectional rainfall throughout much of the country’s interior (Thuiller et al. 2006, 
Eckardt et al. 2013). Namibia is officially classified as dryland (Morton and Anderson 
2008), although climate varies from arid and semi-arid in the west to a more subtropical 
summer-rainfall climate in the north-east (Thuiller et al. 2006) (Fig. 5.1c). The hyper arid 
Namib Desert stretches over 2000 km, from southern Angola through Namibia into South 
Africa with a variable width (80 – 200 km) and gradual rise from the Atlantic coast to the 
foot of the Namib Escarpment (Goudie 2009). The Namib Escarpment runs north to south 
along the Atlantic coast and is characterised by a steep elevation gradient to over 2000 m 
(Fig. 5.1b). Fig. 5.1 shows the administrative geographical regions and some physical and 
meteorological parameters across Namibia.  
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Figure 5. 1 Geographical and meteorological data for Namibia. (a) Namibia’s 
administrative regions, (b) digital elevation model (DEM), (c) mean annual rainfall, (d) 
mean annual relative humidity (RH%), (e) mean annual potential evapotranspiration (PET) 
and (f) mean annual temperature.  
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5.2.2 δ18O and δ2H data sources and data processing  
We compiled a database of rainfall isotopic studies conducted in Namibia from a 
literature review from 1960 – 2010 (Turewicz 2013). Additional isotopic data for the 
Central Namib Desert at Gobabeb Research Centre was collected from a 2014 field 
campaign, where samples were collected immediately after the rain event, stored in vials 
and analysed using laser spectrometery (SD 0.2 ‰ δ18O and 1.1‰ δ2H) (Wang et al. 2009). 
We acknowledge discontinuity of the data and that the studies often differed in their scope 
and analysis methods but the fundamental principles remained constant. Data was and is 
reported in δ notation relative to VSMOW-SLAP scale defined as, 
 𝛿‰ = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) 𝑥 103  (1) 
where Rsample and Rstandard are the molar ratios of heavy to light isotopes (
2H/H or 18O/16O) 
of the sample and standard.  
Given the limited availability of isotopic data in this region, and that most of this 
historical data did not report rainfall amounts, we made an effort to integrate and conserve 
as much data as possible by adopting the unweighted approach (Dutton et al. 2005). Before 
adopting the unweighted approach, we discarded data when either δ18O or δ2H was not 
reported for a site or when geographic coordinates were not provided. Because the southern 
and south-eastern parts of Namibia were inadequately represented in the database, we 
incorporated data from nearby studies conducted in Botswana and South Africa to increase 
robustness of the database (Cape Town, Wolkop, Uitkyyk, Twatuin (Harris et al. 2010) and 
Lobastse (Talma and van Wyk 2013)). The final rainfall dataset consisted of 45 locations 
(40 in Namibia and 5 outside, Dataset C1).  
 
5.2.3 Meteorological data 
A matrix of physical and meteorological variables plausibly related to precipitation 
isotope ratios were obtained at 30 arc second raster resolution for these variables. These 
variables included: elevation, mean annual precipitation, mean annual temperature, 
minimum temperature, maximum temperature (worldclim.org), mean annual potential 
evapotranspiration (PET), Aridity Index (AI) (www.cgiar-csi.org/data/global-aridity-and-
pet-database) and mean annual relative humidity (RH) 
(www.cru.uea.ac.uk/~markn/cru05/cru05_intro.html). Data from each of these raster 
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datasets was extracted for each of the 45 data points and we also calculated the straight-
line distance from each data point to the Atlantic Ocean (Dataset C1).   
 
5.2.4 Isoscape cokriging 
Models were generated based on multiple regressions of location-based rainfall 
isotopes and associated physical and meteorological data followed by cokriging 
(interpolation) of the best performing models (West et al. 2014, Terzer et al. 2013). The 
meteorological and physical data extracted from the raster datasets were used as predictors 
for the isoscapes and we did not compute non-linear combinations with the exception of 
the multiplicative combination of elevation and distance to the coast as we expected 
significant interaction between the two (West et al. 2014). We performed exploratory 
regression of the data followed by ordinary least squares (OLS) regression which assessed 
the model residuals for normalcy, the major assumption of the statistical methods 
employed. The passing models were recalculated using geographic weighted regression 
analysis (GWR) to improve model performance and ranked using the Akaike Information 
Criterion (AICc). The AICc enables model selection by balancing r2 and simplicity thus 
giving an estimate of the quality of the model.  
We selected the top five models (Table 5.1) and looked for the highest ranking 
models that appeared in both δ18O and δ2H, based on the AICc (highlighted in bold Table 
5.1). Selection of the highest ranking models common to both δ18O and δ2H would ensure 
no strange artifacts when cokriging was done to produce the d isoscape (West et al. 2014) 
as d integrates δ18O and δ2H. The highlighted models (Table 5.1) were then used in the 
ordinary cokriging interpolation to produce rainfall δ18O and δ2H isoscapes using ArcGIS 
10.2.2 (Fig. 5.2a and Fig. 5.2c). The Gaussian kernel function (goodness of fit = 4.17) was 
used and anisotropy accounted for in the interpolation process, mean error (0.98), mean 
standardised error (0.37), root-mean-square-error (6.08), average-standard error (2.57). 
Because the root-mean-square-error is greater than the average-standard error, variability 
was likely under-estimated because spatial distribution of observations was uneven as 
determined by the availability of data. The d isoscapes (Fig. 5.2e and Fig. 5.2f) were 
calculated using the formula d = δD – 8 x δ18O (Dansgaard 1964) from the δ18O and δ2H 
isoscapes and were similar to those obtained from cokriging the best performing model 
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(Table 5.1). We then restricted the geographic extent of the precipitation cokriging 
isoscapes to Namibia after interpolation. We downloaded the RCWIP model (IAEA 2015, 
Terzer et al. 2013) and restricted it to the geographic extent of Namibia and according to 
the model, this portion actually represents a globally fitted isoscape (GFI). We thus made 
a side by side comparison of our precipitation cokriging isoscape to the GFI for the 
geographic extent of Namibia overlain with the observed precipitation isotope data (Fig. 
5.2).
  
8
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Table 5. 1 Model parameters and goodness of fit statistics for regression models of predictive environmental variables. The model 
selected for interpolation and generation of a predictive surface (cokriging) for rainfall isoscapes are indicated in bold. 
Isoscape Parameters OLS Model GWR Model 
AICc r2 Rank AICc r2 Rank 
δ18O rain elev. x coast RH  215.5 0.34 1 214.7 0.36 1 
δ18O rain elev. x coast PPT  222.1 0.24 4 216.2 0.38 2 
δ18O rain PET PPT  217.8 0.30 2 217.8 0.31 3 
δ18O rain PET RH  224.0 0.20 5 219.6 0.28 4 
δ18O rain MT RH elev. 221.5 0.27 3 221.5 0.27 5 
δ2H rain elev. x coast RH  397.8 0.33 3 392.6 0.43 2 
δ2H rain elev. x coast PPT-PET RH 392.5 0.42 1 392.4 0.42 1 
δ2H rain PET RH  394.1 0.38 2 394.1 0.38 3 
δ2H rain PET coast  395.9 0.35 4 395.4 0.36 4 
δ2H rain MT coast  398.0 0.32 5 1221.0 0.63 5 
Note: PPT-PET – precipitation minus potential evapotranspiration; MAP – mean annual precipitation; RH – relative humidity, Elev. x 
coast – elevation x distance to coast; T – mean annual temperature; Elev. – elevation; PPT– mean annual precipitation; OLS – 
ordinary least regression; GWR – geographic weighted regression. 
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Figure 5. 2 Rainfall cokriging isoscapes and the globally fitted isoscape (GFI) overlain 
with observed data. (a) δ18O cokriging isoscape, (b) δ18O GFI, (c) δ2H cokriging isoscape, 
(d) δ2H GFI, (e) d-excess (d) cokriging isoscape, and (f) d-excess (d) GFI. 
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5.3 Results and Discussion  
5.3.1 Cokriging models for rainfall isotopes across Namibia 
Precipitation across terrestrial Southern Africa originates as vapour from the Indian 
and Atlantic Oceans (Van Wyk et al. 2011) and weather synoptics in this region are heavily 
influenced by the unique geomorphology and landmass orientation relative to the southern 
hemisphere’s atmospheric system (Thomas and Shaw 1991). The influence of the 
Namibian geomorphology and landmass orientation on rainfall is evident by the dominance 
of elevation (Namib Escarpment) and distance from the Atlantic coast on the rainfall 
models. The two best-performing models out of the top five δ2H and δ18O precipitation 
models have the elevation and distance to the coast parameters (Table 5.1 and Fig. 5.1c) 
which suggests orographic rainfall patterns. The best performing model common to both 
δ2H and δ18O was selected to enable calculations of d, which would be affected if different 
models were used to calculate δ2H and δ18O isoscapes resulting in strange artifacts. The 
selected models used for cokriging are highlighted in Table 5.1 and shown in Fig. 5.2.   
 
5.3.2 Comparison and interpretation of the cokriging and GFI isoscapes 
5.3.2.1 Atlantic Ocean maritime vapour (Westerly winds)  
The cokriging model predicts rainfall isotopic depletion in both δ18O and δ2H from 
several directions (Fig. 5.2) suggesting that rainfall across the Namibian landscape is 
influenced by several synoptic weather systems. The cokriging model predicts δ18O and 
δ2H enrichment along the west coast with progressive depletion inland (Fig. 5.2a and Fig. 
5.2c). Rainfall isotopic gradients show a negative correlation with increasing distance from 
the vapour source due to progressive rainout also known as the ‘continental effect’ 
(Dansgaard 1964, Kazmierz Rozanski and Gonftanttni 1993, Ingraham and Taylor 1991). 
Therefore, the cokriging model suggests that some rainfall over terrestrial Namibia 
originates from the Atlantic Ocean and is progressively isotopically depleted as it moves 
inland (Fig. 5.2a and Fig. 5.2c).  
Although the ‘continental effect’ could be used to explain the rainfall isotopic trend 
predicted by the cokriging model from the coast inland, the degree of isotopic enrichment 
predicted and observed along the west coast is extreme and could be indicative of 
secondary processes affecting the isotopic signature (Fig. 5.2a and Fig. 5.2c). Rain drops 
 92 
can re-evaporate below the cloud if in disequilibrium with the surrounding atmospheric 
humidity and the resulting kinetic fractionation effects can lead to enrichment of δ18O and 
δ2H in the droplets (Ehhalt et al. 1963, Stewart 1975). Sub-cloud evaporation is common 
in short lived rain events where sub-cloud humidity does not achieve equilibrium with the 
falling droplets before the storm is over (Kendall and McDonnell 2012, Stewart 1975). 
According to the cokriging isoscape the most extreme enrichment in δ18O and δ2H rainfall 
isotopes is confined to the hyper-arid Namib Desert (Fig. 5.2a and Fig. 5.2c) where annual 
precipitation is variable, 50-100 mm in the south, 5-18 mm in the Central Namib and < 50 
mm in the north (Eckardt et al. 2013). Low annual rainfalls suggest short-lived events 
which would create conditions that would be favourable for further isotopic enrichment 
due to sub-cloud evaporation hence the extreme degree of enrichment predicted and 
observed in the cokriging model and the observed isotopic values.  
Rainfall in the Namib Desert is spatially and temporally variable although a general 
decreasing rainfall gradient east to west has been reported (Henschel and Seely 2008, 
Pietruszka and Seely 1985, Southgate et al. 1996, Lovegrove and Siegfried 1993). The 
isotopic range predicted by the cokriging model for the Namib Desert (0.1-4.3 ‰ δ18O and 
1-25‰ δ2H) probably reflects this gradient and the ‘continental effect’ (Fig. 5.2a and Fig. 
5.2c). However, beyond the eastern edge of the Namib there is a narrow region of rapid 
isotopic depletion which coincides with the Namib Escarpment (Fig. 5.1b, Fig. 5.2a and 
Fig. 5.2c). The steep elevation changes from the Namib Desert to the Namib Escarpment 
cause orographic lift of the Atlantic maritime air mass resulting in orographic rainfall over 
the region. The west to east gradient extends beyond the Namib Desert to the interior 
Central Plateau (Eckardt et al. 2013) and this is captured by the cokriging model which 
shows continued δ18O and δ2H depletion over the Namib Escarpment (Fig. 5.2a and Fig. 
5.2c). 
 
5.3.2.2 Indian Ocean maritime vapour (Easterly winds)  
The GFI model generally predicts a rainfall isotopic depletion gradient from east-
west, with the most depleted values occurring along the Atlantic Coast in contrast to the 
cokriging model (Fig. 5.2b and Fig. 5.2d). Because the GFI predicts isotopic depletion 
from east-west, this suggests Indian Oceanic origins of the maritime vapour which is 
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progressively depleted and modified along its trajectory towards the Namibian coast due 
to rainout and evapotranspiration (Fig. 5.2b and Fig. 5.2d). Summer rainfall over Southern 
Africa is dominated by cold dry westerlies flowing over warm moist easterlies which create 
instability and thunderstorms over South Africa, central and southern Botswana and central 
and south-east Namibia (Williams et al. 1984). Furthermore, it has been indicated that at 
latitudes greater than 18°S in Namibia, most rainfall is supplied by the slow westward 
advance of tropical easterly disturbances peaking in February and March (Dyer and Marker 
1978). However, these storms seldom reach the west coast bordered by the eastern edge of 
the Namib Escarpment and are thus confined to the Central Plateau (Eckardt et al. 2013) 
in contrast to the depictions of the GFI model predictions (Fig. 5.2b and Fig. 5.2d). This is 
because by the time the easterly winds get to the Namib Escarpment they would have lost 
most of their moisture as they advect over terrestrial Southern Africa resulting in warm, 
dry winds incapable of cloud formation and generating rain. Therefore the GFI model could 
be exaggerating the extent of the influence of the easterly winds on rainfall dynamics over 
Namibia (Fig. 5.2).  
The cokriging model on the other hand, predicts a similar east-west depletion in 
both δ18O and δ2H precipitation signatures but differs from the GFI model in that the 
predicted isotopic depletion does not extend all the way to the coast (Fig. 5.2). According 
to the cokriging model, the Indian Ocean maritime vapour generated rainfall (convectional) 
exhausts before the Namib resulting in the most isotopically depleted rainfalls from this 
system occurring in the Khomas and central Hardap regions due to rainout effects (Fig. 
5.2a and Fig. 5.2c). The resulting warm dry winds develop into berg winds as they continue 
on a westward trajectory into the Namib Desert where they supress the convectional rise 
of the underlaying cool humid Atlantic vapour advecting inland, preventing cloud 
formation and rain (von Willert 1992). This partially explains the low rainfall observed 
over the Namib Desert despite its close proximity to its rainfall vapour source, the Atlantic 
Ocean (Fig. 5.1c). The cokriging isoscapes also predict convergence of the westerly 
(orographic) and easterly (convectional) derived rainfall over the same areas in the Central 
Plateau resulting in the most isotopically depleted rainfall occurring in the Khomas and 
central Hardap regions (Fig. 5.2a and Fig. 5.2c). Therefore, according to the cokriging 
model convectional rainfall will not extend beyond these locations and vice versa for the 
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orographic rainfall, which is in agreement with an earlier study (Eckardt et al. 2013). 
Furthermore, observed rainfall isotopic values are similar to those predicted in the 
cokriging than the GFI model suggesting that the latter model could be overestimating the 
extent of the influence of the Indian Ocean on rainfall patterns in the Namib Desert (Fig. 
5.2a and Fig. 5.2c).  
 
5.3.2.3 Zaire Air Boundary (ZAB) and the Intertropical Convergence Zone (ITCZ) 
Rainfall in the wetter northern parts of Namibia is associated with the southward 
migration of the Intertropical Convergence Zone (ITCZ) and the Zaire Air Boundary 
(ZAB) which extends to about 18⁰S between January and February (Tyson 1986). This is 
defined as a convergence of tropical and subtropical circulation over central and southern 
Africa associated with convective activity, cloud formation and precipitation (Lindesay et 
al. 1998, Tyson and Preston-Whyte 2000). The ZAB system generates rainfall that extends 
into the northern parts of Namibia from Angola hence the high rainfall observed (Fig. 5.1c) 
and the depleted signatures in the Oshana, Oshikoto and Ohangwena regions which can be 
attributed to rainout effects (Dansgaard 1964) (Fig. 5.2a and Fig. 5.2c). Convergence of 
the ZAB and ITCZ during the austral summer generate rains that could be responsible for 
the north-east to south-west rainfall gradient across Namibia (Fig. 5.1c). These convective 
thunderstorms enter Namibia via the Kavango region hence the relatively enriched isotopic 
signature but this is not as enriched as that observed over the Namib Desert because kinetic 
fraction effects are minimised due to the higher rainfall (Fig. 5.1c). The rains decrease in a 
south-west direction which is reflected by the progressive radial depletion of the isotopic 
signatures predicted in the cokriging model (Fig. 5.2a and Fig. 5.2c). The most depleted 
signatures are observed in the Zambesi region and this can be attributed to the amount 
effect (Fig. 5.2a and Fig. 5.2c) as this region receives the highest rainfall in Namibia (Fig. 
5.1c).  
 
5.3.2.4 Tropical Temperate Troughs (TTTs) 
The TTTs are considered as the dominant summer rainfall producing system over 
southern Africa (Reason et al. 2006, Mason and Jury 1997, Todd et al. 2004) accounting 
for about 39% of mean annual rainfall over the region (Harrison 1984). Tropical Temperate 
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Troughs link an easterly wave in the tropics to a westerly wave in the in the south (Lindesay 
et al. 1998) an event associated with a cloud band and precipitation (Todd et al. 2004). 
Development of a continental low over central southern Africa in late summer enhances 
low level westerly flow from western southern Africa at 10°S facilitating anomalous water 
vapour convergence over eastern southern Africa (Todd et al. 2004). This links with the 
TTT cloud band, such that the resulting rain extends further west over the region including 
Namibia than early summer (Todd et al. 2004). The cokriging isoscapes depict an area of 
isotopically depleted rainfall in a general northwest-southeast direction which could be 
reflecting the cloud band and resulting rainfall from the TTTs (Fig. 5.2a and Fig. 5.2c). 
The GFI model also appears to depict the influence of the TTTs over Namibia but in this 
case we observe isotopic enrichment in the northwest and southeast regions which does not 
match the observed data (Fig. 5.2b and Fig. 5.2d).  
 
5.3.3 Modelled isotopic relationships 
By extracting modelled isotopic values from both isoscapes we can investigate the 
classic isotope relations such as the ‘continental’ and ‘amount’ effects across the Namibian 
landscape (Fig. 5.3). The “amount effect” is the negative relationship between precipitation 
isotopes and the amount of precipitation (Dansgaard 1964) and is observable at intra-
seasonal or longer timescales (Risi et al. 2008). Although the “amount effect’ is 
predominately due to sub-cloud evaporation and the recycling of the sub-cloud vapour 
layer (Risi et al. 2008) combining the two gives the opportunity to evaluate our modelled 
relationships. Given that the cokriging isoscape suggests that some orographic rainfall 
across Namibia originates in the Atlantic in a general west-east direction (Fig. 5.2a and 
Fig. 5.2c), we modelled the ‘continental effect’ by calculating distance from the Atlantic 
Ocean to the extent of the Atlantic influence on rainfall isotopes as determined by the 
cokriging isoscape (Fig. 5.2a and Fig. 5.2c). Figure 5.3a shows a strong negative 
correlation (r2 = 0.93, p < 0.05) between isotopic value and distance travelled inland from 
the Atlantic Ocean until the Central Plateau. This can be attributed to progressive rainout 
or ‘continental effect’ (Dansgaard 1964, Ingraham and Taylor 1991, Kazmierz Rozanski 
and Gonftanttni 1993), thus Fig. 5.3a supports the Atlantic origins of orographic rainfall 
over the western sections of Namibia as depicted in the cokriging isoscapes (Fig. 5.2a and 
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Fig. 5.2c). We did not consider the ‘continental effect’ from the Indian Ocean for the 
cokriging isoscape because the east-west rainfall isotope gradient extends to about 400 km 
in Namibia while distance to the Indian Ocean is over 1000 km. Therefore, the rainfall 
isotopic signature would certainly have been altered before reaching Namibia because of 
the distance involved (Lai and Ehleringer 2011, Welp et al. 2012).  
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Figure 5. 3 Modelled rainfall isotope relationships with distance from coast (continental 
effect) and rainfall amount (amount effect) across Namibia. (a) δ18O cokriging model 
‘continental effect’, (b) δ18O GFI model ‘continental effect’, (c) δ2H cokriging model 
‘amount effect’, (d) δ2H GFI model ‘amount effect’, (e) δ18O cokriging model ‘amount 
effect’, and (f) δ18O GFI model ‘amount effect’. 
 
 Given that the GFI model predicts a general east-west rainfall isotopic depletion 
gradient (Fig. 5.2b and Fig. 5.2d), we did not expect to observe the “continental effect” 
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from the Atlantic coast inland. The inset in Fig. 3b confirms that there was no significant 
correlation between rainfall isotopic signature and distance from the Atlantic coast (p > 
0.05). We thus evaluated the ‘continental effect’ using the distance from the Indian Ocean 
for the GFI model (Fig. 5.3b). Figure 5.3b does not show the ‘continental effect’ instead 
showing a weak positive correlation (r2 = 0.11, p < 0.05) between isotopic signatures and 
distance from the Indian Ocean. The ‘continental effect’ is not always pronounced even in 
regions with strong rainfall gradients en route as reported for the Amazon (Salati et al. 
1979). This could be due to the return flux of moisture by transpiration and this invalidates 
the effect of rainout in subsequent rains further inland (Gat et al. 2001). However, in the 
case of the GFI model  the ‘continental effect’ is masked or interrupted by the enrichment 
observed in the north and south central portions of Namibia probably related to the TTTs 
(Fig. 5.2b and Fig. 5.2d). Therefore, although we can observe a general east-west rainfall 
isotopic gradient on the GFI model, it is difficult to model the ‘continental effect’ from the 
Indian Ocean because of the influence of the TTTs and the distance involved which result 
in possible alterations of the isotopic signature. 
Extracting the modelled isotopic values from both the cokriging and GFI models 
(Fig. 5.2) we evaluated the ‘amount effect’ (Fig. 5.3c - Fig. 5.3f). The cokriging model 
shows a negative correlation between rainfall isotopic signature and rainfall amount (Fig. 
5.3c and Fig. 5.3e), the classic ‘amount effect’. The GFI model on the other hand depicts 
the opposite trend, a positive correlation between isotopes and annual rainfall contrary to 
expectation (Fig. 5.3d and Fig. 5.3f). This suggests that the GFI model could be flawed in 
this region or could be reflecting convective precipitation which cannot be adequately 
explained by the ‘amount effect’ (Miyake 1968). In addition, the opposite slope in GFI 
models could be related to the insufficient representation of topography at local scale. For 
example, higher latitudes tend to have less precipitation and lower delta values and vice 
versa on an annual basis, an effect opposite to the amount effect. Therefore if the 
topography was not represented in sufficient detail, this latitude effect may mask the 
“amount effect”. 
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5.3.4 D-excess, d  
The d cokriging isoscape depicts extremely low values along the west coast of 
Namibia (Fig. 5.2e) and this could be related to the negative correlation between d and RH 
(Gat et al. 2003, Uemura et al. 2008, Pfahl and Sodemann 2014) (Fig. 5.1d). The high RH 
over the Namib Desert can be attributed to the frequent fog occurrences along Namibia’s 
west coast (Olivier 1995) that penetrate to about 60 km inland (Hachfeld et al. 2000) and 
their dissipation downwind could result in the observed high RH beyond the fog zone. 
Meanwhile, the rainfall gradient decreases from east to west (Henschel and Seely 2008, 
Pietruszka and Seely 1985, Southgate et al. 1996, Lovegrove and Siegfried 1993) (Fig. 
5.1c) contrary to the RH trend. Therefore, the low d over the Namib Desert could be due 
to the negative correlation between d and RH from the frequent fog and its dissipation in 
this area (Fig. 5.2e). At the same time, because δ18O and δ2H enrichment along the coast 
was attributed to sub-cloud evaporation (Fig. 5.2a and Fig. 5.2c) this also means the low d 
could be also attributed to sub-cloud evaporation of falling raindrops through an 
unsaturated air column (Dansgaard 1964, Ehhalt et al. 1963, Kazmierz Rozanski and 
Gonftanttni 1993) as d = δD – 8 x δ18O (Dansgaard 1964). Therefore, d in this area could 
be a result of the combined effects of RH (fog induced) and sub-cloud evaporation, 
depending on the prevailing conditions during the particular rainfall event.  
The cokriging d isoscape also depicts extremely low values in the north eastern 
regions of Namibia (Kavango, Otjozondjupa and Omaheke) (Fig. 5.2e). Because these 
regions have a subtropical climate (Thuiller et al. 2006) and high rainfall (Fig. 5.1c), the 
prospects of sub-cloud evaporation are minimal. Therefore the low d values are unlikely 
caused by sub-cloud evaporation and they could be related to the negative correlation 
between d and RH (Gat et al. 2003, Uemura et al. 2008, Pfahl and Sodemann 2014). The 
high RH in this region is due to evapotranspiration from the abundance of vegetation, 
which are supported by the higher rainfall in this area (Fig. 5.1c and Fig. 5.1d). We, 
however, acknowledge the limited data in this region. Although both the δ18O and δ2H 
cokriging isoscapes generally agree and predict isotope enrichment in the north east region 
(Fig. 5.2), there could be isoscape digression undetectable in the individual isoscapes but 
amplified in the d isoscape (Fig. 5.2e). Thus, there is need for more field observations for 
some of the locations to attain a better prediction model.  
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There is large variability in d across the Central Plateau in the cokriging isoscape 
(Fig. 5.2e) and this can be attributed to the multiple sources of precipitation over this area 
as depicted in Fig. 5.2a and Fig. 5.2c. The GFI d model, on the other hand, although not 
showing variability in the Central Plateau and eastern parts of Namibia depicting d > 10‰ 
for these areas (Fig. 5.2f). This suggests either evaporation under low humidity or moisture 
recycling in the area (Martinelli et al. 1996, Gat and Matsui 1991). Therefore although 
different both d isoscapes demonstrate that d cannot be considered as a truly conservative 
tracer of environmental conditions at the vapour source as it could be significantly altered 
before the vapour arrives in Namibia (Lai and Ehleringer 2011, Welp et al. 2012, Zhao et 
al. 2014) and because there are multiple sources of rain for Namibia. 
 
5.3.5 Rainfall isoscape validation 
Because of the scarcity and quality (e.g., precipitation amounts were not reported) 
of data, apart from comparing the cokriging and GFI models to classic isotopic 
relationships as a means of evaluating the model performance, we also regressed 
unweighted observed isotopic values to the modelled data and compared the slope to the 
1:1 line (Fig. 5.4) (Piñeiro et al. 2008). The observed δ18O‰ values ranged between -9.6‰ 
and +4.3‰ (mean = -4.4‰), while the cokriging model values ranged between -7.9‰ and 
+3.9‰ (mean = -4.5‰) and those of the GFI model ranged between -5.4‰ and -3.2‰ 
(mean = -4.0‰) (Fig. 5.4a). The observed δ2H‰ values ranged between -59‰ and +25‰ 
(mean = -30‰), while the cokriging model values ranged between -58‰ and +21‰ (mean 
= -30‰) and the GFI model values ranged between -30‰ and -13‰ (mean = -19‰) (Fig. 
5.4b). The modelled cokriging values of both δ18O‰ and δ2H‰ explain a larger proportion 
of the linear variance in the observed values (r2 = 0.67) in both cases compared to the GFI 
model (r2 = 0.17 and 0.19 for δ18O‰ and δ2H‰, respectively, Fig. 5.4). The poor r2 
between predicted and observed values of the GFI model (Fig. 5.4) could be due to the fact 
that although the model was restricted to Namibia, it still reflected the global isotope 
distributions and not necessarily those specific to Namibia. We acknowledge the bias of 
the cokriging model towards the observed values because the model was not evaluated with 
an independent set of data because of data scarcity. However, the modelled cokriging 
values show expected large variations as the samples were collected from environmentally 
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and climatically diverse locations (Fig. 5.1 and Fig. 5.2) and closely follow the 1:1 line 
(Fig. 5.4). The modelled values from the GFI model on the other hand do not correlate well 
with either of the observed δ18O‰ and δ2H‰ values (Fig. 5.4) and do not show much 
variation despite the meteorological and physical differences in sampling locations (Fig. 
5.1). This suggests that the GFI model values are not a realistic estimate of the observed 
local values.   
 
 
Figure 5. 4 Rainfall cokriging and globally fitted isoscape (GFI) model validation using 
the observed data. (a) δ18O validation with 1:1 line as a reference; (b) δ2H validation with 
1:1 line as a reference. 
 
We used the GMWL (δ2H=8 x δ18O +10) (Craig 1961) to further validate our 
models. Because Namibia is classified as arid (Anderson et al. 2010) we expect its local 
meteoric water line (LMWL) to plot below the GMWL (slope < 8). We thus constructed a 
LMWL based on data from the two Namibian GNIP stations (GNIP_LMWL) which had a 
slope of 7.2 consistent with our predictions (Fig. 5.5). However, the GNIP_LMWL cannot 
be representative of the larger geographic area given that the data is from only two 
locations. Therefore, we calculated a second LMWL based on the observed data 
(Observed_LMWL) (slope 7.1), which was similar to the GNIP_LMWL with the only 
major difference being the intercept. However, the slopes point to some degree of aridity 
and this was similar to the modelled LMWL from the cokriging model (Fig. 5.5). The 
GFI_LMWL was almost identical to the long term weighted mean GMWL defined as δ2H 
= 8.2 x δ18O + 10.35 (Kazmierz Rozanski and Gonftanttni 1993, Craig 1961) but different 
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from the Observed_LMWL. The GMWL (Kazmierz Rozanski and Gonftanttni 1993) is a 
weighted global average constructed from the GNIP database. Therefore, the modelled 
Namibian GFI_LMWL reflects the average isotopic composition of global meteoric waters 
and does not account for local variations even when scaled down to a smaller geographic 
area. We cannot determine how much lower the slope would be because Namibia has 
different eco-regions ranging from hyper-arid desert to more subtropical (Fig. 5.1) and the 
LMWL would intergrate these to provide an average which plots below the GMWL slope 
as that depicted by Observed_LMWL and the Cokriging_LMWL (Fig. 5.5).  
 
 
Figure 5. 5 Modelled local meteoric water lines (LMWL) compared to observation-based 
LMWL with the global meteoric water line (GMWL) shown as a reference.   
 
The differences between the cokriging and global models can be quantified to show 
areas of similarity and dissimilarity (Fig. 5.6). The two models differ on their predictions 
of both δ18O and δ2H along the west coast varying by orders of magnitude 2-15‰ and 11-
100‰ for δ18O and δ2H, respectively (Fig. 5.6). These differences are largely because the 
two models exhibit different trends in this area with the cokriging model showing 
progressive rainfall isotopic depletion inland while the GFI model shows the opposite trend 
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hence the maximum difference is observed along Namibia’s coast (Fig. 5.6). In the north 
east (Zambesi region) there is a difference of -6.8 to -11.8‰ for δ18O between the models, 
which is also observed on the north central portions (Ohangwena and Oshikoto regions). 
The latter difference is because the cokriging model predicts depletion in this area due to 
rains originating from Angola along the TTTs while the GFI model predicts relatively 
enriched rains in the same area. Areas with ± 2‰ difference δ18O can be considered as 
areas of similar isotopic composition while areas of ±10‰ difference in δ2H similar in 
isotopic composition because the cokriging model uses unweighted averages while the 
global isoscape makes use of weighted averages (Fig. 5.6).  
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Figure 5. 6 Calculated differences between the cokriging model and the globally fitted 
isoscape (GFI) model. 
 
5.4 Conclusions 
Rainfall isotopes across Namibia show coherent spatial distribution patterns that 
can be modelled and interpreted as isoscapes. Although global isoscape models are useful 
in depicting global trends of isotopic distributions they do not scale-down well and fail to 
capture or account for local variations. These global isoscapes often do not take into 
account local geographical features or meteorological parameters which could influence 
local rainfall patterns leading to low correlations between observed and modelled data. The 
relevance of global rainfall isoscapes to hydrologically interesting but under-represented 
regions is thus questionable. Although not ideal, the unweighted cokriging approach 
showed stronger r2 values with observed data (67 % vs. < 24 % for cokriging and GFI 
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models, respectively) and this could be attributed to the inclusion of elevational data which 
generated local geographic features (Namib Escarpment) that have a profound effect on 
rainfall patterns across Namibia. The rainfall cokriging isoscapes also show that rainfall in 
Namibia is influenced by several synoptic weather systems originating from both the 
Atlantic and Ocean Oceans while the GFI isoscape suggests origins from the Indian Ocean 
alone. Therefore, although the absolute values may be subject to improvements; the trends 
of the local isoscape models appear more consistent with the synoptic systems affecting 
rainfall patterns in Namibia and the unweighted approach could be considered a viable 
alternative especially when dealing with historical data in data deficient regions.  
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CHAPTER 6: PRECIPITATION ORIGINS AND KEY DRIVERS OF 
PRECIPITATION ISOTOPE (18O, 2H, 17O) COMPOSITIONS OVER 
WINDHOEK 
 
6.1 Introduction 
The climate of southern Africa, defined as the land area bound by the region 15°S–
35°S; 12.5°E–42.5°E, is complex and involves the interaction of several factors that 
alternate in importance (Allan et al. 2003, Reason and Rouault 2002, Richard et al. 2000). 
Traditionally, Atlantic influences on southern African precipitation have been downplayed 
and this could be attributed to data paucity, lack of awareness of the complexities of the 
atmosphere-ocean coupling and associated tropical-extratropical interactions as well as 
perceptions that Atlantic influences were secondary to those from the Indian or Pacific 
Oceans (ENSO) (Reason et al. 2006). Therefore, precipitation over southern Africa has 
been associated with sea surface temperatures (SST) from the Indian Ocean (D'Abreton 
and Lindesay 1993, Reason and Mulenga 1999). However, there is growing consensus that 
the South Atlantic Ocean may play a significant role on climate in the region, although the 
exact influences are unknown (Reason et al. 2006). Given this uncertainty in moisture 
origins, it is not surprising that model estimates of precipitation over the region vary 
depending on a model’s representation of the Angola Low, a regional circulation feature 
which can account for as much as 60% of the inter-model variability (Munday and 
Washington 2017). The ability to capture this ocean-atmospheric circulation feature might 
drive the disagreement between models. Therefore, despite the tight coupling between 
precipitation and society in southern Africa (Conway et al. 2015), our knowledge of 
precipitation patterns and their climate controls for the region are limited (Reason et al. 
2006).  
Stable isotopes of hydrogen and oxygen (δ2H and δ18O) are unique environmental 
tracers that can be used to understand dynamics and processes in hydrology, geology, 
ecology and climate research (Gat 1996, Stumpp et al. 2014, Zhao et al. 2012). However, 
relatively few studies across Africa have applied stable isotopes of precipitation to climate 
research. Although global isoscapes reproduce reasonably well the global distribution of 
mean annual isotope contents of modern precipitation (Risi et al. 2010, Werner et al. 2011), 
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they do not explain observed seasonal or inter-annual variations at a regional or local scale 
(Field 2010, Lee et al. 2007, Risi et al. 2010, Schmidt et al. 2005, Vuille et al. 2003) and 
do not down-scale well in data scarce regions (Kaseke et al. 2016, Terzer et al. 2013). 
Furthermore, multi-scale influences on the isotopic composition of precipitation do not 
conform well to univariate regression analysis in mid-latitude and subtropical locations 
(Alley and Cuffey 2001, Fricke and O'Neil 1999, Sturm et al. 2010). However, event-scale 
studies capture day-to-day synoptic variation that may be lost or diluted in monthly samples 
(Liu et al. 2010, Noone and Simmonds 2002). Therefore, event-scale comparisons with 
aggregated data may help define underlying uncertainties in relationships between the 
isotopic composition of precipitation and climate variables (Soderberg et al. 2013).  
The moisture that eventually becomes precipitation is derived primarily from the 
oceans and/or evapotranspiration from the terrestrial surface (Sjostrom and Welker 2009). 
Therefore, traditional approaches have suggested air-mass history may influence the 
isotopic composition of precipitation (Dansgaard 1964). In addition to δ2H and δ18O, d-
excess defined as d = δ2H – 8 x δ18O (Dansgaard 1964) has been used to determine 
evaporative conditions (Merlivat and Jouzel 1979). However, recent work suggests d may 
not be a true conservative tracer of evaporation conditions (Lai and Ehleringer 2011, Welp 
et al. 2012, Zhao et al. 2014). Until recently, it was assumed that δ17O in precipitation did 
not carry any additional information to that of δ18O (Angert et al. 2004). However, recent 
work indicates that δ17O-δ18O is independent of temperature and can be used to 
differentiate fractionation processes (Angert et al. 2004, Kaseke et al. 2017). Therefore, 
δ17O-excess (17Δ), 17Δ = δ'17O – 0.528 x δ'18O, could be a conservative tracer of humidity 
changes at the vapour source origin and complement δ18O, δ2H and d (Angert et al. 2004, 
Barkan and Luz 2007). In addition, air mass trajectories have been used to explain 
precipitation isotope variations in North America (Burnett et al. 2004, Sinclair et al. 2011, 
Sjostrom and Welker 2009), Europe (Baldini et al. 2010, Gat and Carmi 1970), Asia 
(Fudeyasu et al. 2011, Liu et al. 2011), Australia (Barras and Simmonds 2008, Barras and 
Simmonds 2009) and Africa (Lewis et al. 2010, Soderberg et al. 2013). However, despite 
the complexities of southern African climate, we are not aware of any studies that have 
investigated the influence of atmospheric trajectories on southern African precipitation 
isotope compositions. We are also not aware of any studies that have reported δ17O values 
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in precipitation for the region. Using a four-year (2012-2016) precipitation dataset, the 
objectives of this study were thus to determine storm-to-storm isotopic variability and 
composition (δ18O, δ2H δ17O) of precipitation in Windhoek (Namibia), identify the local 
controls of precipitation isotopes, apply trajectory analysis to determine vapour source 
origins and δ'17O-δ'18O relationships to infer evaporation conditions at the source region. 
The observation period covered three drought years of which two occurred during the 
2014-2016 El Niño Southern Oscillation (ENSO) event. This provided the opportunity to 
test whether novel δ'17O-δ'18O techniques could be used to differentiate different types of 
droughts. We are not aware of any isotope studies that have done this, although a few have 
focused exclusively on isotope compositions and variability during ENSO events 
(Sánchez‐Murillo et al. 2017).  
 
6.2 Materials and Methods 
6.2.1 Site description  
Namibia is located on the south-western tip of the African continent and the study 
site (22.6137° S and 17.09753° E, elevation 1720 m a.s.l) is located in the capital, 
Windhoek (3 133km2) (Fig. 6.1a). According to the Köppen Climate classification system, 
Windhoek is a hot semi-arid climate (BSh) characterised by hot wet summers and cool dry 
winters. Based on data from the Southern Africa Science Service Centre for Climate 
Change and Adaptive Land-use (SASSCAL) Windhoek weather station (22.5706° S and 
17.0957° E, elevation 1722 m a.s.l), 2012-2016 had the following monthly meteorological 
characteristics: temperature range (-0.2–36.3°C), average temperature (20.7°C), relative 
humidity (RH) range (0.4-99.6%) and average RH (29.5%) (Fig. 6.1b and Fig. 6.1c). 
Because precipitation is highly seasonal and precipitation events are concentrated between 
October and April (Lu et al. 2016, Sturm et al. 2009), our analyses were based on the 
hydrologic year (October to September). Windhoek has not experienced any significant 
changes in precipitation intensity, frequency or total amount between 1998 and 2015 (Lu 
et al. 2016), and because the current study falls within this timeframe, results should be 
comparable to this relatively long-term study.  
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a) 
 
b) 
 
c) 
 
Figure 6. 1 a) Map showing regional mean annual precipitation, location of the study site 
and Namibia (insert) (http://www.worldclim.org/bioclim), b) monthly temperature and c) 
monthly relative humidity for Windhoek (2012-2016). Median represented by dark line in 
box, while box represents 1st and 3rd quartile range. Whiskers indicate the maximum and 
minimum values per month. 
 
A total of 109 discrete precipitation events were sampled during the observation 
period (Dataset D1). These precipitation events were matched based on the date of 
sampling to the SASSCAL weather data which showed 138 events during this period. This 
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total excluded 42 precipitation events recorded by the SASSCAL weather station because 
there were less than 0.2 mm per day and may have resulted in either insufficient sample 
for analyses or were localised events that did not occur at the sampling site. When possible, 
samples were collected immediately after the event or the next morning from a manual rain 
gauge and transferred into 15 ml Qorpak clear French square bottles with black phenolic 
polycone lined caps. The bottles were labelled with the appropriate site name, date and 
amount and stored at 5°C at the University of Namibia (UNAM) Windhoek campus. 
Samples were stored for about 6 months and either shipped or retrieved during field 
campaigns and transported to Indiana University-Purdue University Indianapolis (IUPUI) 
Ecohydrology lab for isotope analysis.  
 
6.2.2 Isotope analysis 
Isotope analysis was performed using the Triple Water Vapor Analyzer coupled to 
the Water Vapor Isotope Standard Source (WVISS) (Los Gatos Research Inc., Mountain 
View, CA, USA) with a reported precision of 0.2‰ δ18O, 0.8‰ δ2H and 0.4‰ δ17O similar 
to those reported elsewhere (Tian 2016, Wang et al. 2009). Data was reported in δ notation 
relative to VSMOW-SLAP scale as 
𝛿 = (
𝑅sample
𝑅VSMOW
− 1) × 103,   (1) 
where Rsample and RVSMOW are the molar ratios of heavy to light isotopes  (
2H/H, 18O/16O or 
17O/16O) of the sample and international standard – Vienna Standard Mean Ocean Water 
(V-SMOW). However, it has been demonstrated that when dealing with high precision 
ratios in multiple systems a modified δ is preferred (Hulston and Thode 1965, Luz and 
Barkan 2005, Miller 2002) hereafter designated as δ' and defined as 
𝛿′∗𝑂 = ln(𝛿 + 1) = ln (
𝑅sample
𝑅VSMOW
),   (2) 
where *O  is either 17O or 18O.  
We computed mean annual isotopic composition as arithmetic and weighted means, 
adapted from Kazmierz Rozanski and Gonftanttni (1993):  
𝛿𝐴𝑛𝑛𝑢𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 = ∑ 𝛿Event 𝑋
𝑝𝑝𝑡(𝐸𝑣𝑒𝑛𝑡)
𝑝𝑝𝑡(𝐴𝑛𝑛𝑢𝑎𝑙 𝑇𝑜𝑡𝑎𝑙)
𝑂𝑐𝑡𝑜𝑏𝑒𝑟
𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟
,  (3)  
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where ppt (Event) is the event precipitation amount and ppt (Annual Total) is the annual total 
precipitation amount as defined by the hydrologic year. 
 
6.2.3 Local meteoric water lines (LMWLs) 
Multiple statistical methods have been proposed to calculate the LMWL (Crawford 
et al. 2014). These methods include the unweighted and precipitation weighted versions of 
the ordinary least squares (OLSR), reduced major axis (RMA) and major axis (MA) 
regression models. However, because each method has its merits, we present all versions 
generated from the Local Meteoric Water Line Freeware programme (Crawford et al. 
2014), based on event samples (Table D6.1). A long term LMWL (2012-2016) was 
calculated and used as a reference for the site for comparisons to annual LMWLs from the 
same period. For statistical comparisons, the unweighted OLSR LMWL (annual and inter-
annual) was adopted to perform the analysis of covariance (ANCOVA). Similarly, annual 
δ'17O-δ'18O lines were calculated based on the unweighted OLSR to complement 
interpretation of the δ18O-δ2H LMWLs.  
 
6.2.4 Precipitation classification: stratiform versus convective 
Tropical Rainfall Measuring Mission (TRMM) 2A25 V7 and Global Precipitation 
Measurement (GPM) 2AKu band satellite data products covering the study area during 
2012-2016 were downloaded and analysed. Because the sampling site was located roughly 
in the centre of Windhoek, the sampling site was taken as the centre of a 0.5° x 0.5° square 
centroid (3025 km2) for data retrieval. The level 2 data products of TRMM and GPM have 
a temporal resolution of 16 orbits a day and a total of 24 satellite products showed 
precipitation over the area that corresponded to the Windhoek SASSCAL weather station. 
Data from both TRMM and GPM classify precipitation into three types: stratiform, 
convective and other. However, the third precipitation type ‘other’ was not encountered 
during our analyses and according to Aggarwal et al. (2016), it exists at higher levels and 
may not contribute significantly to precipitation near the surface. Therefore, for the 
purposes of this study we excluded the third classification. Average conditional 
precipitation rates were calculated for each event based on conditional stratiform and 
convective precipitation rates over the area. The stratiform fraction was defined as the ratio 
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of stratiform rainfall to total conditional precipitation rates. Therefore, stratiform fraction 
as applied to this paper translates to 0% stratiform = 100% convective except during non-
precipitation days and vice-versa.  
 
6.2.5 Trajectory analyses 
Analysis of discrete precipitation events permits the use of back trajectory models 
to determine source origins and inference of source evaporation conditions that may 
influence the isotopic composition of precipitation when coupled with secondary 
parameters such as d. We assumed similar meteorological conditions between the site and 
the National Botanic Research Institute Windhoek (NBRI), located 5 km away. This 
enabled the use of hourly meteorological data from the SASSCAL weather station located 
at the NBRI. Using this approach, 99 of the 109 precipitation events (91%) at the site were 
consistent with NBRI data, sampling dates and general volumes, providing an 
approximation of local meteorological conditions. The associated meteorological data and 
event times were then used to calculate the approximate cloud base height of each 
individual storm based on the lifted condensation level (LCL) (Lawrence 2005, Romps 
2017):  
𝐿𝐶𝐿 = 𝑧 + (20 +
𝑇−273.15
5
) (100)(1 − 𝑅𝐻),     (4) 
where LCL is the cloud base height in metres, T is absolute temperature, RH is relative 
humidity ranging between 0 and 1 and z is the height where RH and T were measured.  
Using LCL to determine the parcels origin height (n = 99), ten-day air mass back-
trajectories were computed using the Hybrid Single-Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model (Stein et al. 2015) and meteorological data from the Global 
Data Assimilation System (GDAS1). Because LCL ranged between 83 and 2154 m above 
ground level, no trajectories were disqualified for reaching the top of the atmosphere. 
Global estimates for mean atmospheric moisture residence times range from 4 – 9 days 
(Läderach and Sodemann 2016, Trenberth 1998), while Miralles et al. (2016) estimates an 
optimal 6 day residence time for the Kalahari ecoregion. The average time for each 
trajectory from land intersection to Windhoek was about 140 hrs (~6 days), thus trajectory 
cluster analysis time was set at 140 hrs at six hour intervals. The total spatial variance 
(TSV) for this process was 30%, indicating there was no forcing and misclassification of 
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cluster trajectories (Stein et al. 2015). Trajectory analyses in this study were used primarily 
to provide the spatial history of an air parcel.   
 
6.2.6 Statistical analyses  
Statistical analyses were performed in PAST 3 (Hammer 2001) with parametric 
methods for normally distributed data and non-parametric methods for non-normally 
distributed data. Multiple linear regression analyses were performed in XLSTAT 2017 v 
4, while trajectory cluster analysis was performed in HYSPLIT (Stein et al. 2015). All data 
pertaining to this study is provided as Dataset D1.  
 
6.3 Results and discussion 
6.3.1 Precipitation anomalies 
Three of the four years under observation received below normal precipitation amounts 
and were classified as meteorological droughts, with the exception of 2013-2014 (Fig. 6.2 
and Table D6.2). Based on the Oceanic Niño Index (ONI) (CPC 2016), two of the three 
drought years (2014-2015 and 2015-2016) occurred during weak and strong El Niño years, 
respectively (Fig. D6.1). Given the well documented effects of ENSO on southern African 
precipitation (i.e., decrease in precipitation amount) (Allan et al. 2003, Nicholson and 
Entekhabi 1986, Reason and Rouault 2002), the 2014-2015 and 2015-2016 meteorological 
droughts could be El Niño related. However, the 2012-2013 meteorological drought 
occurred during an El Niño neutral year suggesting that the cause of this drought was 
different from that of the 2014-2016 droughts (Fig. 6.2, Table D6.2 and Fig. D6.1). 
Precipitation was highly seasonal over the sampling period with 89.4 – 99.5% of annual 
precipitation occurring during the rainy season, Oct-Apr (Table D6.3). About 55% of the 
annual precipitation in Windhoek occurs between Feb-Apr (late summer), with peak 
rainfall amounts and largest inter-annual variability occurring in February (Lu et al. 2016). 
However, according to the data presented here, with the exception of 2013-2014, less than 
50% of annual precipitation occurred during late summer, suggesting droughts resulted in 
precipitation distribution anomalies over the area (Table D6.3). Consequently, peak rainfall 
amounts differed among the years: March for 2012-2013, February for 2013-2014 and 
January for 2014-2015 and 2015-2016. Interestingly, most precipitation during 2012-2013 
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occurred during late summer while for 2014-2015 and 2015-2016 this occurred during 
early summer (October - January; Table D6.3). This difference in precipitation distribution 
among the drought years also suggests that the causes of these droughts, 2012-2013 and 
2014-2016, were different with the 2012-2013 drought being the most severe (Fig. 6.2 and 
Table D6.2).  
 
 
Figure 6. 2 Annual cumulative precipitation totals measured from the site for Windhoek 
2012-2016 (Oct-Sept) compared to long-term average ‘normal’ precipitation from the 
Namibia Meteorological Services. 
 
6.3.2 Precipitation isotope (δ18O, δ2H and δ17O) variations 
The long-term “2012-2016” weighted precipitation isotope compositions from this 
study (Table 6.1) were comparable to those from Kazmierz Rozanski and Gonftanttni 
(1993) (δ18O -5.0‰) and the Online Isotopes in Precipitation Calculator (OIPC) (δ18O -
5.2‰ and δ2H -27.0‰) (Bowen 2017, Bowen and Revenaugh 2003). Similarly, the 
unweighted precipitation isotope compositions were comparable to those extracted from 
the Namibia precipitation isoscape (δ18O -2.9‰ and δ2H -12.6‰) (Kaseke et al. 2016) and 
Kazmierz Rozanski and Gonftanttni (1993) (δ18O -2.7‰) (Table 6.1). Therefore, the 
precipitation isotope results presented in this study are consistent with long term data 
presented elsewhere, thus comparisons of event scale with aggregated data may help define 
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underlying uncertainties between isotopic compositions and climatic variables at longer 
time scales (Soderberg et al. 2013).  
Storm-to-storm isotopic variability over the four year period, δ18O 25‰, δ2H 180‰ 
and δ17O 13‰, was similar to that reported elsewhere (Benson and Klieforth 1989, 
Friedman et al. 2002, Liu et al. 2010) (Table 6.1). However, at annual scales storm-to-
storm isotopic variation was lower for the meteorological drought years while those for the 
‘normal year’ 2013-2014 were similar to the four year overall isotopic variability (Table 
6.1). The 2013-2014 precipitation was significantly depleted in δ18O, δ2H and δ17O (-
5.97‰, -42.44‰, -3.14‰) compared to 2012-2013 (+0.94‰, +9.51‰, +0.48‰), 2014-
2015 (-0.41‰, +1.73‰, -0.33‰) and 2015-2016 (-1.13‰, -5.36‰, -0.61‰) (One-way 
ANOVA, p < 0.05; Tukey’s post-hoc test, p < 0.05) (Table 6.1). This could be attributed 
to the ‘amount effect’ (Dansgaard 1964), as both annual weighted and arithmetic mean 
precipitation isotope (δ18O, δ2H and δ17O) values were significantly inversely related to 
precipitation amount (p < 0.05, Fig. D6.2). One aspect of the ‘amount effect’ that could be 
important is sub-cloud evaporation (Salamalikis et al. 2016). In theory, drought conditions 
should enhance sub-cloud evaporation resulting in precipitation enrichment (δ18O, δ2H and 
δ17O), lower ranges and lower d compared to normal years (Table 6.1). However, d was 
similar among the years (Kruskal Wallis, p > 0.05) (Table 6.1) and also similar between 
the normal (+7.5‰) and drought years (+7.1‰) (Mann Whitney Pairwise test, p > 0.05), 
suggesting that the degree of sub-cloud evaporation during droughts and normal years at 
this semi-arid site may not differ significantly.  
Theoretically, longer travel times would allow for more equilibration time of 
raindrops with sub-cloud vapour (isotopic exchange) and sub-cloud evaporation resulting 
in higher δ18O, δ2H and δ17O values and lower d (Table 6.1). As expected, the median LCL 
for precipitation events during 2013-2014 (361 m) was significantly lower than that of the 
drought years (580 m) (Mann Whitney U, p < 0.005), indicating longer raindrop travel 
times from cloud base to the ground surface during droughts. To evaluate the degree of 
aridity effects between normal and drought years, d of drought and normal year 
precipitation events with LCL between 300 and 600 m (based on the median LCL) was 
evaluated. The d of drought year precipitation events (+10.2‰, range: -8.3‰ to +18.6‰) 
was significantly larger than for the normal year (+6.8‰, range: -5.2‰ to +15.4‰) (Mann 
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Whitney Pairwise test, p < 0.05), suggesting that some other mechanism maybe influencing 
d within this bin and this could be attributed to enhanced moisture recycling during 
droughts in the Kalahari ecoregion. Although the Kalahari ecoregion experiences a 
volumetric decrease in precipitation during droughts, it is accompanied by an increase in 
the recycling ratio (28% vs. 34% during wet and drought years), defined as the terrestrially 
derived precipitation divided by the total precipitation (Miralles et al. 2016). In the Amazon 
Basin, evaporation (E) accounts for about 40% of the evapotranspiration (ET) flux and the 
resultant precipitation is characterised by d > +10‰, suggesting a significant part was 
derived from evaporation (Gat and Matsui 1991, Martinelli et al. 1996, Victoria et al. 
1991). This might explain the precipitation events with d > +10‰ observed in this study 
(Table 6.1). Therefore, the larger d during drought years (+10.2‰) in the 300-600 m LCL 
bin suggests an increase in the evaporative flux due to moisture recycling, indicating drier 
conditions for the region compared to the normal year (+6.8‰), whose d was probably 
influenced more by sub-cloud evaporation.
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Table 6. 1 Annual weighted and arithmetic mean isotope (δ18O, δ2H and δ17O) compositions of Windhoek precipitation (2012-2016) 
based on the hydrologic year, Oct-Sept. 
  Mean δ18O‰ Mean δ2H‰ Mean δ17O‰ Mean d‰ 
Time n Ath WA Range Ath WA Range Ath WA Range Ath Range 
a 26 +0.94 -1.83 -9.74 - +7.36 +9.51 -7.55 -60.11 - +57.36 +0.48 -0.96 -5.36 - +4.03 +2.0 -18.9 - +18.6 
b 37 -5.97 -9.03 -15.84 - +8.30 -42.44 -63.99 -122.19 - +51.98 -3.14 -4.76 -8.24 - +4.12 +5.3 -17.3 - +15.4 
c 19 -0.41 -3.19 -9.80 - +9.31 +1.73 -15.48 -71.10 - +56.00 -0.33 -1.76 -5.38 - +4.69 +5.0 -36.2 - +19.8 
d 27 -1.13 -2.83 -12.39 - +7.92 -5.36 -14.39 -85.29 - +48.21 -0.61 -1.46 -6.43 - +4.10 +3.6 -32.3 - +14.9 
e 109 -2.15 -5.17 -15.84 - +9.31 -13.16 -33.00 -122.19 - +57.36 -1.16 -2.73 -8.24 - +4.69 +4.0 -36.2 - +19.8 
Note: a is 2012-2013, b is 2013-2014, c is 2014-2015, d is 2015-2016, e is 20-2016,  
Ath. is arithmetic mean and WA is weighted average
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6.3.3 Key local drivers of precipitation isotope compositions 
Precipitation isotopes are governed by several factors including but not limited to 
evaporation processes at the source, precipitation type and subsequent rain-out processes 
along the air mass-trajectory; however, correlations with local meteorological parameters 
suggest possible modification at the precipitation site (Coplen et al. 2015, Dansgaard 1964, 
Fudeyasu et al. 2011, Rindsberger et al. 1983, Salamalikis et al. 2016, Yurtsever 1975). 
The Windhoek precipitation isotope data at both event and monthly scales, exhibited 
significant relationships with local meteorological conditions (Table 6.2 and Table D6.4, 
respectively). Whereas event-scale precipitation isotopes were related to more local 
meteorological parameters than monthly isotopes (6 parameters vs. 3 parameters), 
suggesting loss of information on individual events through data aggregation (Noone and 
Simmonds 2002), these relationships were stronger at monthly scale (Risi et al. 2008, 
Vimeux et al. 2005, Wu et al. 2015). Therefore, event-scale comparisons with aggregated 
data will help define underlying uncertainties in relationships between isotopic 
composition of precipitation and climatic variables (Soderberg et al. 2013). 
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Table 6. 2 Significant relationships between event precipitation isotopes (δ18O, δ2H, δ17O 
and d) and local meteorological data from the National Botanic Research Institute (NBRI), 
Windhoek 2012-2016. 
 Regression equation r r2 p-value 
δ18O y = -0.24 * (relative humidity) + 15.12 -0.63 0.39 ** 
y = 0.01 * (lifted condensation level) - 8.79 0.61 0.37 ** 
y =-0.25* (precipitation amount) - 0.03  -0.42 0.18 ** 
y = 0.39 * (surface temperature) - 13.47 0.29 0.08 ** 
y = 1.11* (wind speed) - 6.37 0.24 0.06 * 
y =0.56 * (air temperature) - 13.27 0.24 0.06 * 
δ2H y = -1.56 * (relative humidity) + 98.22 -0.56 0.31 ** 
y = 0.06 * (lifted condensation level) - 55.44 0.54 0.29 ** 
y = -1.69 * (precipitation amount) + 1.23 -0.39 0.15 ** 
y =8.62(wind speed) - 45.29 0.26 0.07 * 
y = 2.47(surface temperature) - 83.02 0.25 0.06 * 
δ17O y =-0.13(relative humidity) + 7.86  -0.62 0.39 ** 
y = 0.005 (lifted condensation level) - 3.71 0.61 0.37 ** 
y = -0.13(precipitation amount) - 0.06 -0.42 0.18 ** 
y = 0.21(surface temperature) - 7.06 0.29 0.08 ** 
y =0.58(wind speed) - 3.37 0.24 0.06 * 
y =0.29(air temperature) - 6.94 0.24 0.06 * 
d y = -0.21 (lifted condensation level) + 14.89 -0.68 0.47 ** 
y = 0.40(relative humidity) - 22.71 0.68 0.47 ** 
y = -1.78(air temperature) + 38.97 0.50 0.28 ** 
y = 0.34(precipitation amount) + 1.49 0.40 0.16 ** 
y = -0.73(surface temperature) +24.76  -0.37 0.14 ** 
Note: * denotes significance at p < 0.05 and ** denotes significance at p < 0.005. 
 
According to event-scale univariate analyses, the most significant local drivers of 
precipitation isotopes (δ18O, δ2H and δ17O) in decreasing order were RH, LCL, 
precipitation amount, surface temperature, average wind speed and air temperature (Table 
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6.2). Precipitation isotopes were inversely related to RH, which reflected the influence of 
sub-cloud evaporation on isotopic composition (Berkelhammer et al. 2012, Salamalikis et 
al. 2016) (Table 6.2). This result was consistent with the Namibia precipitation isoscape 
that identified RH as a key driver of precipitation isotopes across Namibia (Kaseke et al. 
2016). Precipitation isotopes were positively related to LCL and this could be attributed to 
the raindrop travel time between the cloud base and ground surface, the longer this was the 
more time available for raindrop isotopic equilibration with sub-cloud vapour and sub-
cloud evaporation (Salamalikis et al. 2016, Sánchez-Murillo et al. 2016) (Table 6.2). 
Because LCL is a function of temperature and RH; RH and LCL are related (RH = -
0.04(LCL) + 99.00, r = -0.999, r2 = 0.998, p < 0.005), and this underlies the inverse 
relationship between d and LCL (Table 6.2). Precipitation isotopes were also inversely 
related to precipitation amount and this could be attributed to the “amount effect” 
(Dansgaard 1964). The ‘amount effect’ suggests that light precipitation events are more 
prone to equilibration with enriched sub-cloud vapour and or experience sub-cloud 
evaporation and are thus more enriched than larger volume events. Larger precipitation 
events increase sub-cloud RH, reducing evaporation resulting in depleted isotope 
compositions compared to smaller events. This would result in positive relationships 
between d and precipitation amount and d and RH (Table 6.2). These results were thus 
consistent with expected sub-cloud evaporation from low intensity precipitation events 
over Windhoek. Finally, precipitation isotopes (δ18O, δ2H and δ17O) showed weak but 
positive relationships with site air and surface temperature similar to Treble et al. (2005), 
which would enhance isotopic exchange with sub-cloud vapour as well as sub-cloud 
evaporation (Table 6.2). This was however, in contrast to Dansgaard (1964) who did not 
observe a temperature effect using monthly data for the site.  
At monthly time-scales, the significant drivers of local precipitation isotope 
composition in decreasing order were RH, precipitation amount and minimum temperature 
(p < 0.05; Table D6.4), while d was significantly related to a single local parameter RH 
(Table D6.4). Similar to the findings of Dansgaard (1964), volume weighted monthly 
precipitation isotope compositions detected the “amount effect” indicating much stronger 
relationships than either the unweighted event or monthly samples but did not detect the 
“temperature effect” (Table 6.2, Table D6.4 and Table D6.5). This suggests loss of 
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information through data aggregation, “temperature effect”, (Noone and Simmonds 2002), 
while at the same time indicating that aridity is a major driver of precipitation isotope 
compositions at the site. Similarly, the weighted LMWL slope for this study 7.9±0.35 
(n=29) was similar to that determined earlier 8±1.5 (n=14) (Dansgaard 1964), indicating 
sub-cloud evaporation and consistent with the interpretations above and classification of 
the site as semi-arid (BSh).  
Because multi-scale influences on precipitation isotopes do not conform well to 
univariate regression analysis in mid-latitude and subtropical locations (Alley and Cuffey 
2001, Fricke and O'Neil 1999, Sturm et al. 2010), we applied multiple linear regression 
analysis (MLRA) at event scale (Table 6.3).  The best performing models for δ18O, δ2H 
and δ17O combined air temperature, precipitation amount and RH, accounting for 47-53% 
of isotope variability at the site (Table 6.3). However, the best performing model for d 
included precipitation amount, LCL and average wind speed and accounted for 55% of the 
variation (Table 6.3). These MLRA models explained more precipitation isotope variation 
at event-scale compared to univariate analyses giving credence to the view that 
precipitation isotopes at mid-latitude and subtropical locations do not lend well to 
univariate analysis (Table 6.2 and Table 6.3). At the same time, these MLRA models 
suggest significant local modification of the precipitation isotope composition such that d 
cannot be considered a conservative environmental tracer of evaporation conditions at the 
source, at least for this semi-arid site (Lai and Ehleringer 2011, Welp et al. 2012, Zhao et 
al. 2014) (Table 6.3). However, it is important to acknowledge that no analyses of source 
conditions was performed in this study. The most influential local parameter on 
precipitation isotope compositions over Windhoek according to the MLRA models was 
RH, suggesting isotopic exchange and sub-cloud evaporation associated with cloud base 
to ground surface travel time enhanced by air temperature as the physical mechanism 
accounting for 47-53% of δ18O, δ2H and δ17O variability. However, for d, LCL was the 
most influential parameter suggesting cloud base to ground surface travel time and 
associated sub-cloud evaporation with windy conditions as the driving physical mechanism 
(Table 6.2 and Table 6.3).
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Table 6. 3 Best performing multiple linear regression models between event precipitation isotopes and local meteorological data from 
the National Botanic Research Institute (NBRI), Windhoek 2012-2016. Only meteorological conditions with significant relationships 
from Table 2 were used. 
 Multiple linear regression equation AIC RSME r2 p-value 
δ18O y = 43.26 - (1.03*air temp) - (0.01*amt) - (0.34*RH) 300.9 4.5 0.53 < 0.05 
δ2H y = 334.28 - (8.62*air temp) - (0.70*amt) - (2.45*RH) 704.2 34.4 0.47 < 0.05 
δ17O y = 22.67 - (0.54*air temp) - (0.06*amt) - (0.18*RH) 174.0 2.4 0.53 < 0.05 
d y = 8.39 + (0.13*amt) - (0.02 * LCL) + (1.68 *winspd) 364.9 6.2 0.55 < 0.05 
Note: air temp is air temperature (°C), RH is relative humidity (%), amt is precipitation amount, LCL is lifted condensation level and 
winspd is wind speed (ms-1)
 131 
The unaccounted precipitation isotope (δ18O, δ2H and δ17O) variability from the 
MLRA models could be related to several factors including but not limited to precipitation 
type, rain-out processes and source evaporation conditions (Aggarwal et al. 2016, Coplen 
et al. 2015, Crawford et al. 2013, Dansgaard 1964, Fudeyasu et al. 2011, Jouzel et al. 2013). 
Recently, stratiform and convective precipitation have been associated with depleted and 
enriched isotopic compositions, respectively (Aggarwal et al. 2016, Coplen et al. 2015, 
Fudeyasu et al. 2011, Kurita 2013). However, no significant relationships were observed 
between δ18O, δ2H, δ17O and stratiform fraction at our study site, suggesting isotopic 
composition was independent of precipitation type (Table D6.6). This was supported by 
the significant inverse relationship between d and stratiform fraction (Fig. 6.3a), suggesting 
stratiform precipitation was more susceptible to sub-cloud evaporation than convective 
precipitation. Stratiform precipitation consists of small raindrops (~1 mm in diameter) 
which may partially evaporate or grow by accretion and coalescence depending on 
prevailing conditions: subsidence or uplift, respectively (Houze Jr 2014). Convective 
precipitation on the other hand consists of larger rain drops (> 2 mm in diameter) that do 
not experience much evaporation or growth (Houze Jr 2014, Schumacher and Houze Jr 
2003, Steiner and Smith 1998). Therefore, an increase in stratiform fraction would diminish 
raindrop size, increase travel time from cloud base to ground surface, decrease average 
precipitation rate facilitating sub-cloud evaporation and isotopic exchange with below 
cloud vapour. Models estimate a 30-80% reduction in raindrop size due to sub-cloud 
evaporation in arid environments, resulting from a combination of high temperatures and 
low RH (Wang et al. 2016). At the same time, the weighted precipitation rate decreased 
with an increase in stratiform fraction (Fig. 6.3b), consistent with the predictions above 
enhancing equilibration with ambient vapour as well as enhancing sub-cloud evaporation. 
This would result in lower d, and higher δ18O, δ2H and δ17O values for stratiform compared 
to convective precipitation which is less susceptible to sub-cloud evaporation (Houze Jr 
2014, Schumacher and Houze Jr 2003, Steiner and Smith 1998), although this was only 
significant for d (Table D6.7).  
Applying MLRA to d, the best performing model was d = 4.0 - (0.12 * stratiform 
fraction) + (0.56 * amount) (AIC 82.9, r2 0.61, RMSE 5.3, p < 0.05), with precipitation 
amount being the most influential parameter. These results suggest that sub-cloud 
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evaporation resulted in enrichment of 18O, 2H and 17O in stratiform precipitation to the 
extent that it was more enriched or similar to convective precipitation at the site (Table 
D6.7). This would explain the observed δ18O, δ2H and δ17O independence of precipitation 
type and rate observed at the site (Table D6.6). This contradicts the suggestion that the 
relationship between precipitation isotopes and intensity may be more visible at event scale 
(Dansgaard 1964). This result could be related to the fact that precipitation type and 
intensity are related (Fig. 6.3), thus where both types occur the influence of sub-cloud 
evaporation on the isotopic composition of the different precipitation types is not equal 
(Table D6.7). Therefore, the effect of precipitation intensity will likely be best observed 
when each precipitation type is considered separately or d is used instead (Table D6.7). 
However, given the data reduction already incurred in differentiating precipitation type, 
such an analysis is not possible for this study. These results, therefore suggest that 
precipitation isotopes are independent of precipitation type at least at this site and possibly 
other dryland environments. However, it is important to acknowledge the complexity 
associated with these calculations, notably estimation of stratiform fraction is greater when 
shallow rain is significant and amounts are low (Funk et al. 2013, Schumacher and Houze 
Jr 2003), while isotope data at a sampling point could be biased towards stratiform 
precipitation (point vs raster data) (Aggarwal et al. 2016). Nonetheless, these calculations 
provide general trends of precipitation isotopes and precipitation type in a semi-arid 
environment.  
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a) 
 
b) 
 
Figure 6. 3 Variation of a) d-excess as a function of stratiform fraction and b) average 
conditional precipitation rate as a function of stratiform fraction, for rain events observed 
over Windhoek, 2012-2016 (n = 24).  
 
6.3.4 HYSPLIT air mass trajectories, cluster analysis and δ'17O-δ'18O 
Ten day HYSPLIT (Stein et al. 2015) back-trajectory analyses suggest that 
Windhoek (2012-2016) precipitation originated from both the Indian and Atlantic Oceans 
(Fig. 6.4). However, the 140 hr trajectory cluster analysis grouped the sources into four 
clusters (Fig. 6.4), but no significant differences were detected among the precipitation 
clusters in δ18O, δ2H, δ17O and d. This suggests precipitation isotopes underwent extensive 
modification at the precipitation site (47-53%) making them indistinguishable (Table 6.3). 
The results highlight the inappropriateness of d as a conservative tracer of evaporation 
conditions at the source region, as 55% of d variability was related to local meteorological 
conditions at the precipitation site (Table 6.3). However, 17Δ and δ'17O-δ'18O could be used 
as conservative tracers of humidity changes at the vapour source independent of 
temperature and thus complement d interpretations (Angert et al. 2004, Barkan and Luz 
2007, Li et al. 2015). δ'17O-δ'18O slopes of 0.529±0.001 indicate a dominance of 
equilibrium fractionation processes, suggesting high RH conditions at the evaporation 
source (Luz and Barkan 2005). Therefore the δ'17O-δ'18O slope of cluster 1 (0.529±0.003) 
suggests high RH conditions over the subtropical Indian Ocean evaporation source (Fig. 
6.4 and Fig. 6.5). However, δ'17O-δ'18O slopes of 0.506-0.5185 indicate a dominance of 
kinetic fractionation processes suggesting non-steady state conditions with low RH at the 
evaporation source (Angert et al. 2004, Barkan and Luz 2007). Thus the δ'17O-δ'18O slopes 
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of clusters 2 (0.502±0.007) and 3 (0.507±0.019) suggest low RH conditions over the South 
Atlantic during evaporation (Fig. 6.4 and Fig. 6.5). The δ'17O-δ'18O slope for cluster 4 
(0.520±0.004) suggests non-steady state evaporative conditions at more than 50% RH (Li 
et al. 2015). It is important to note that these trajectories only indicate geographic origins 
of moisture and do not take in account any additional moisture picked during transport to 
the site. We acknowledge that there seems to be an association between trajectory distance 
and δ'17O-δ'18O, suggesting an influence of ET on δ'17O-δ'18O (Landais et al. 2006, Li et al. 
2017) (Fig. 6.4). However, given that moisture recycling is estimated at 28-34% (Miralles 
et al. 2016), how and to what extent ET would influence precipitation δ'17O-δ'18O in the 
region is uncertain (Landais et al. 2006, Li et al. 2017) and beyond the scope of the current 
study.  
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Figure 6. 4 Ten day (240 hr) atmospheric back trajectories of precipitation events received 
at Windhoek during the 2012-2016 period (n = 99). The associated mean trajectory clusters 
were based on ~six day (140 hrs) trajectories, which equate to the approximate travel time 
to Windhoek after intersecting land and atmospheric residence times for the region 
(Miralles et al. 2016). 
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Cluster 1 
 
Cluster 2 
 
Cluster 3 
 
Cluster 4 
 
Figure 6. 5 The four trajectory clusters of Windhoek precipitation during 2012-2016 as 
defined by the δ'17O-δ'18O relationships. 
 
The origins of cluster 1 were consistent with the position of the Subtropical Indian 
Ocean dipole (SIOD) (Reason 2001) while cluster 4 origins were consistent with the 
position of the tropical Indian Ocean dipole (IOD) (Fig. 6.4). Sea surface temperatures 
(SST) around the origins of cluster 1 range from 23-26°C while those around cluster 4 
origins range from 24-28°C (Oct-Apr) (Rao et al. 1989). Warmer SSTs would result in 
greater evaporation and result in higher RH over the tropical oceans (30°N-30°S) (Shie et 
al. 2006). However, the δ'17O-δ'18O slope of cluster 4 (0.520) was smaller than that of 
cluster 1 (0.529) despite higher SST around cluster 4 origins. This suggests non-steady 
state conditions around cluster 4, resulting in lower RH than expected from the SST 
compared to cluster 1 origins. Summer precipitation in southern Africa has been associated 
with the tropical western Indian Ocean with the subtropical southwest Indian Ocean 
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thought to be a substantial source of moisture for the region (D'Abreton and Lindesay 1993, 
Reason and Mulenga 1999). However, the trajectory analyses results suggest that the 
subtropical Indian Ocean may contribute more moisture over the western parts of southern 
Africa or at least Windhoek (2012-2016) than the tropical Indian Ocean (Fig. 6.4).  
The third potential source of moisture associated with summer precipitation over 
southern Africa is often regarded as the tropical South Atlantic Ocean (Fauchereau et al. 
2003, Hermes and Reason 2005), although exact influences are unknown (Reason et al. 
2006). However, our results suggest that clusters 2 and 3 originated from a region over the 
subtropical South Atlantic Ocean (Fig. 6.4). It is known that West African precipitation is 
influenced by a South Atlantic Ocean dipole (SAOD), defined as: north east pole, NEP 
(10°E–20°W, 0°S–15°S) and south west pole, SWP (10°W–40°W, 25°S–40°S) (Nnamchi 
and Li 2011, Nnamchi et al. 2011). However, simulations of this SAO also suggest a 
smaller south-east pole (SEP) in phase with the NEP (Nnamchi et al. 2011), consistent with 
the origins of clusters 2 and 3, defined as SEP 0°E-15°E and 30°-45°S (Fig. D6.4). 
However, because Nnamchi and Li (2011) focussed on SAOD influences on precipitation 
variability in West Africa, no attention was paid to possible influences on precipitation 
variability in southern Africa. Given that the results presented here and the simulations by 
Nnamchi et al. (2011) converge over the same region, suggests this SEP could be an 
extension of the SAOD or a secondary subtropical SAOD defined as SEP and SWP and 
may influence precipitation variability in southern Africa, at least over Windhoek (Fig. 
D6.4). However, Reason and Jagadheesha (2005) and Harris et al. (2010) also suggest the 
existence of a subtropical South Atlantic Ocean dipole influencing precipitation over the 
Southwestern Cape region of South Africa, although the location of the dipole is shifted 
slightly to the left of that proposed in Fig. D6.4. Therefore, the existence of a subtropical 
South Atlantic Ocean dipole is a distinct possibility although exact locations may be 
debatable and outside the scope of this study. This is in contrast to studies that have often 
exclusively associated precipitation anomalies over western parts of central and southern 
Africa to the tropical South Atlantic Ocean, Benguela Niño and the South Atlantic Ocean 
Dipole (SAOD) (Hermes and Reason 2005, Nnamchi and Li 2011, Reason and Smart 2015, 
Rouault 2003).  
 138 
Applying a simple classification based on oceanic origins of precipitation events 
over Windhoek (2012-2016), precipitation events were grouped into two: Indian Ocean 
(clusters 1 and 4) and subtropical Atlantic Ocean (clusters 2 and 3) (Fig. 6.4 and Fig. 6.6). 
The resulting δ'17O-δ'18O slope for precipitation from the subtropical Atlantic Ocean 
(0.506±0.009) was consistent with dominance of kinetic fractionation processes (0.506-
0.5185), suggesting evaporation under non-steady state conditions at low RH (Angert et al. 
2004, Barkan and Luz 2007, Li et al. 2015) (Fig. 6.6a). The δ'17O-δ'18O slope for 
precipitation from the Indian Ocean (0.525±0.002) was close to the 0.5265 slope which 
indicates evaporation occurred at high RH (~85%) (Li et al. 2015) (Fig. 6.6b). According 
to Araguás-Araguás et al. (2000), high RH (~80%), warm temperatures (25°C) and low 
wind velocities result in d values of about +10‰. Therefore, the δ'17O-δ'18O results were 
consistent with SST and RH conditions for the Indian Ocean (Araguás-Araguás et al. 2000, 
Rao et al. 1989). However, precipitation d from the Indian (+7.7‰) and subtropical 
Atlantic Oceans (+5.5‰) were significantly smaller than the GMWL (+10‰) (Kruskal-
Wallis, p < 0.05; Mann-Whitney post-hoc test, p < 0.05). There were no significant 
differences between precipitation d from the Indian and subtropical Atlantic Oceans 
(Kruskal-Wallis, p > 0.05) nor between their respective LMWLs (One-way ANCOVA, p 
> 0.05) (Fig. 6.6c and Fig. 6.6d). These results suggest precipitation isotopes collected in 
Windhoek underwent significant modification by local meteorological conditions, 
consistent with earlier conclusions (Table 6.2 and Table 6.3). These local modifications, 
resulted in similar LMWLs (Fig. 6.6c and Fig. 6.6d) and may have altered precipitation d 
by as much as 55% such that its use as a conservative tracer of evaporation conditions at 
the source may be questionable, at least for this semi-arid environment (Table 6.3).  
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Figure 6. 6 Isotope relationships of combined trajectory clusters based on ocean source for 
Windhoek precipitation 2012-2016; a) subtropical Atlantic Ocean δ'17O-δ'18O, b) Indian 
Ocean δ'17O-δ'18O, c) subtropical Atlantic Ocean δ2H-δ18O and d) Indian Ocean δ2H-δ18O.   
 
Precipitation from the subtropical Atlantic Ocean was significantly enriched in 
δ18O (+0.8‰), δ2H (+12.7‰) and δ17O (+0.5‰) than from the Indian Ocean δ18O (-2.0‰), 
δ2H (-9.9‰) and δ17O (-0.9‰) (Kruskal-Wallis, p < 0.05). Because the Atlantic Ocean 
(~266 km) is located closer to Windhoek than the Indian Ocean (~1904 km) (Fig. 6.1 and 
Fig. 6.4), the observed precipitation enrichment in δ18O, δ2H and δ17O from events 
originating from the subtropical Atlantic Ocean could be reflecting the ‘continental effect’ 
(Dansgaard 1964). In addition, the isotope compositions of precipitation originating from 
the subtropical Atlantic Ocean presented here were generally more enriched in δ18O and 
δ2H compared to those reported for Cape Town (Harris et al. 2010). This could be attributed 
to the influence of sub-cloud evaporation at Windhoek as noted by Dansgaard (1964).  
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The Indian Ocean was the primary source of moisture for Windhoek precipitation 
during 2012-2016, accounting for 68-92% of annual precipitation events and 51-94% of 
the annual precipitation amount (Table 6.4). These results were consistent with studies that 
have concluded that the Indian Ocean was the primary source of moisture for precipitation 
over southern Africa (D'Abreton and Lindesay 1993, Reason and Smart 2015, Reason and 
Mulenga 1999). On the other hand, the results also indicate that the South Atlantic Ocean 
contributed a substantial amount of moisture to Windhoek during this period; 24-32% of 
annual precipitation events and 10-49% of annual precipitation amount during drought 
years and 6-8% during non-drought years (Table 6.4). Therefore, more research is needed 
to understand the influence and effects of the sub-tropical South Atlantic Ocean on 
precipitation in Windhoek, Namibia and southern Africa. It is important to acknowledge 
that the temporal isotopic variability for this subtropical semi-arid site (Table 6.1) is similar 
to that of tropical sites e.g., Puerto Rico with different moisture sources (Sánchez-Murillo 
et al. 2016), suggesting some other pan-tropical mechanism may influence precipitation 
isotope compositions in addition to those described by (Dansgaard 1964). Aggarwal et al. 
(2016) suggests that this mechanism could be the precipitation type, however, the results 
presented here contradicted this, suggesting that if such a pan-tropical mechanism exists, 
it requires further investigations.
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Table 6. 4 Annual and total contribution of events and precipitation from the Indian and South Atlantic Ocean over Windhoek 2012-
2016 
 2012 - 2013 2013 - 2014 2014 - 2015 2015 - 2016 2012 - 2016 
 Indian Atlantic Indian Atlantic Indian Atlantic Indian Atlantic Indian Atlantic 
% frequency 71 29 92 8 76 24 68 32 79 21 
% precipitation 67 33 94 6 90 10 51 49 79 21 
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6.3.5 Annual and inter-annual local meteoric water lines (LMWL) 
Figure 6.7 displays the different LMWLs generated for the site based on 2012-2016 
event-scale data from the Local Meteoric Water Line Freeware programme (Crawford et 
al. 2014). Crawford et al. (2014) notes that the calculation of LMWLs using different 
methods on the same data can result in wildly different LMWLs, complicating 
interpretation. However, for this particular site LMWLs based on the unweighted methods 
were similar while those based on the weighted versions were similar while both showed 
the same trends. The weighted LMWLs had larger slopes and intercepts than the 
unweighted LMWLs (Fig. 6.7). However, these LMWLs were similar to those calculated 
for Windhoek based on GNIP data, y = 7.1013x + 8.0159 (OLSR) and y = 7.30x + 9.3594 
(PWLSR) (Crawford et al. 2014), except for the lower intercepts. The slope of the OLSR 
2012-2016 LMWL (7.05) was significantly smaller than the global meteoric water line 
(GMWL) (8) (ANCOVA, p < 0.05) while GMWL d (+10‰) was significantly larger than 
that of the 2012-2016 Windhoek LMWL (+7.1‰) (Kruskal-Wallis, p < 0.05; Fig. 6.6). 
Local meteoric water lines with slopes < 8 are characteristic of arid and semi-arid 
environments (Araguás-Araguás et al. 2000), consistent with the classification of 
Windhoek as a hot semi-arid climate (BSh). Arid and semi-arid environments also suggest 
secondary processes such as sub-cloud evaporation (Ehhalt et al. 1963, Stewart 1975), 
consistent with the low d observed at the site (Table 6.1).  
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Figure 6. 7 Event scale local meteoric water lines for Windhoek (2012-2016) calculated 
using (Crawford et al. 2014) with the GMWL as a reference. Ordinary least square 
regression (OLSR), reduced major axis regression (RMA), major axis regression (MA) 
with precipitation weighted (PW) versions. 
 
Whereas the 2012-2016 Windhoek LMWLs gave an overview of the general 
climate characteristics, they did not reflect annual variability e.g., wet vs. dry years (Fig. 
6.8 and Table D1). There was no significant difference between the OLSR 2012-2016 
LMWL (7.05) and 2013-2014 LMWL (7.36) slopes, suggesting ‘normal’ precipitation 
amounts for the site during 2013-2014 (ANCOVA, p > 0.05) (Fig. 6.8b). However, the 
slopes of the OLSR LMWLs for 2012-2013 (6.57), 2014-2015 (6.42) and 2015-2016 (6.53) 
were significantly smaller than that of the 2012-2016 LMWL (7.05) (ANCOVA, p < 0.05) 
(Fig. 6.8). The deviation of these annual LMWL slopes below the 2012-2016 LMWL 
reference suggest below ‘normal’ precipitation during these periods at the site, consistent 
with the meteorological droughts observed (Fig. 6.2 and Table D6.2). These results suggest 
that meteorological droughts caused abnormally dry conditions beyond the normal arid or 
semi-arid conditions at the site. This would have resulted in enhanced or intense sub-cloud 
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evaporation, significantly lowering annual LMWLs than the 2012-2016 LMWL (Fig. 6.8). 
Therefore the annual LMLs for 2012-2013, 2014-2015 and 2015-2016 were consistent with 
the cumulative precipitation totals which indicated meteorological drought conditions 
during these years (Fig. 6.2 and Table D6.2).  
 
a)                             2012-2013 
 
b)                          2013-2014 
 
c)                              2014-2015 
 
d)                           2015-2016 
 
Figure 6. 8 Annual unweighted local meteoric water lines (LMWLs) for Windhoek (2012-
2016) based on the rainfall year (Oct-Sep): a) 2012-2013, b) 2013-2014, c) 2014-2015 and 
d) 2015-2016. The GMWL and unweighted LMWL(2012-2016) were included as 
references.   
 
6.3.6 Drought differentiation using δ'17O-δ'18O relationship 
There were no significant differences in precipitation d among the years 2012-2013 
(+3.64‰), 2013-2014 (+7.33‰), 2014-2015 (+9.00‰), and 2015-2016 (+7.62‰) nor with 
the 2012-2016 LMWL (+7.13) (Kruskal-Wallis, p > 0.05). This suggests that the 
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precipitation isotopes were significantly altered by the local environmental parameters 
such that d was not a conservative tracer of evaporation conditions at the source. At the 
same time, there were no significant differences between LMWLs generated from 
precipitation events from the Indian Ocean (y = 7.14±0.13x + 2.11±0.97; r2 = 0.98, p < 
0.05) and those from the subtropical Atlantic Ocean (y = 6.78±0.35x + 4.78±1.2; r2 = 0.95, 
p < 0.05) (One-way ANCOVA, p > 0.05), suggesting that origins of precipitation had no 
effect on isotopic composition at the site. The δ'17O-δ'18O slopes for 2012-2013 and 2013-
2014 were similar (Fig. 6.9a and Fig. 6.9b), suggesting high RH (~85%) evaporation 
conditions (Araguás-Araguás et al. 2000, Li et al. 2015) conducive for mass transport of 
moisture to the precipitation site (Fig. 6.1). While Windhoek received normal to above 
normal precipitation during 2013-2014 consistent with expectations of an El Niño neutral 
year, 2012-2013 was a drought (Fig. 6.2 and Fig. D6.1). However, the eastern and parts of 
central southern Africa (e.g., Mozambique, Zimbabwe, Botswana) experienced above 
normal precipitation and violent storms during 2012-2013 (Moyo and Nangombe 2015) 
while the western parts including Namibia experienced droughts. This suggests Windhoek 
should have received normal to above normal precipitation during 2012-2013 but 
mesoscale (western southern Africa) conditions may have caused the drought. On the other 
hand, 2014-2015 and 2015-2016 δ'17O-δ'18O slopes were similar (Fig. 6.9c and Fig. 6.9d) 
and suggested low RH (~50%) non-steady state evaporation conditions at the sources (Li 
et al. 2015), conditions that would have resulted in less  moisture transported to the 
precipitation site (Fig. 6.1). The 2014-2015 and 2015-2016 δ'17O-δ'18O slopes thus possibly 
reflected El Niño (Fig. D6.1), a synoptic system associated with droughts in the region 
(Hoell et al. 2016). Because 2012-2013 was ENSO neutral while the 2014-2016 droughts 
were probably El Niño related, δ'17O-δ'18O could be reflecting differences in the causes of 
these droughts; mesoscale vs. synoptic scale respectively (Fig. 6.9). These results were 
consistent with the increase (decrease) in recycled E/ET (T/ET) during 2014-2016 due to 
consecutive droughts that affected the entire region compared to the 2012-2013 drought 
which only affected the western parts of Southern Africa (Table D6.4). Interestingly, the 
origins of clusters 1 and 4 (Indian Ocean) were consistent with modelled source areas of 
precipitation deficits during droughts in the Kalahari ecoregion while clusters 2 and 3 
(Atlantic Ocean) are not affected during droughts  (Miralles et al. 2016) (Fig. 6.4). This 
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decrease in Indian Ocean contributions to precipitation could account for the percentage 
increase in South Atlantic Ocean contributions during droughts observed at Windhoek 
(Table 6.4). 
 
a)                        2012 - 2013 
 
b)                         2013 - 2014 
 
c)                         2014 - 2015 
 
d)                          2015 - 2016 
 
Figure 6. 9 Plots showing the annual δ'17O-δ'18O of Windhoek precipitation over 4 years: 
a) 2012-2013, b) 2013-2014, c) 2014-2015 and d) 2015-2016.  
 
Because the correlation between δ18O and δ2H is controlled by underlying physical 
properties, it has been argued that PWRMA and PWMA are more appropriate approaches 
than OLSR, especially the former (Crawford et al. 2014). According to the PWRMA and 
PWMA LMWLs, the meteorological drought severity increased in the following order 
2014-2015, 2015-2016 and 2012-2013 (Table D6.1). However, this was in contrast to the 
precipitation totals which suggest drought severity increased in the following order 2015-
2016, 2014-2015 and 2012-2013 (Fig. 6.2 and Table D6.2). Given the relationship between 
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El Niño and droughts in the region (Allan et al. 2003, Nicholson and Entekhabi 1986, 
Reason and Rouault 2002), the 2015-2016 drought was expected to be more severe than 
the 2014-2015 based on El Niño strength (Fig. D6.1). However, recent work suggests that 
precipitation response to drought in the region is related to ENSO and SIOD phase 
relationships (Hoell et al. 2016). A positive SIOD is characterised by warm waters on the 
south west Indian Ocean and cool tropical waters in the central and eastern Indian Ocean 
while a negative SIOD is reversed (Behera and Yamagata 2001, Hoell et al. 2016, Reason 
2002). The warm waters of a positive SIOD increase evaporation and the moist air is 
advected over southern Africa (Behera and Yamagata 2001, Reason 2001). When ENSO 
and SIOD are in phase (++), El Niño induced droughts are moderate but when ENSO and 
SIOD are antiphase (+-), El Niño induced droughts are severe (Hoell et al. 2016). During 
early summer 2014-2015, El Niño and SIOD were antiphase (Fig. D6.1 and Fig. D6.3) and 
this may have enhanced the precipitation response to El Niño, less precipitation than 
expected (Fig. 6.2 and Table D6.2). On the other hand, 2015-2016 experienced a stronger 
ENSO (+) but was in phase with the SIOD (+) (Fig. D6.1 and Fig. D6.3) mitigating the 
precipitation response to El Niño, more precipitation than expected (Fig. 6.2 and Table 
D6.2).  
Neither univariate analyses nor MLRA showed any significant relationships 
between precipitation amount, ONI and the SIOD as measured by the South Western Indian 
Ocean (SWIO) index (http://stateoftheocean.osmc.noaa.gov/sur/ind/swio.php) (OOPC 
2016) (p > 0.05). This could be because ENSO is a result of complex interactions between 
several climate systems, thus the multivariate ENSO index (MEI) 
(https://www.esrl.noaa.gov/psd/enso/mei/table.html) (NOAA 2016) was substituted for 
ONI. MEI is considered the most representative ENSO index integrating multiple 
meteorological parameters measured over the Pacific Ocean (Mazzarella et al. 2013). 
Multiple linear regression analyses showed a significant relationship (p < 0.05) between 
precipitation amount, MEI and SWIO accounting for 17.4% of precipitation variability 
observed in Windhoek (2012-2016) (Table 6.5). These results suggest precipitation amount 
over the site may have been partly related to the interaction of the SIOD and ENSO nodes, 
consistent with (Hoell et al. 2016) (Fig. 6.2, Fig. D6.1 and Fig. D6.3). We did not perform 
a similar analysis for the South Atlantic Ocean (SAO) because the north-eastern pole of 
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the current SAO dipole indices are based on the north-eastern parts of the South Atlantic 
(http://stateoftheocean.osmc.noaa.gov/sur/atl/sat.php) (Nnamchi et al. 2011, OOPC 2017) 
versus the south eastern parts identified in this study (Fig. D6.4). Therefore the current 
South Atlantic Ocean Dipole (SAOD) Index does not represent the region of interest and 
is thus inappropriate for this study (Fig. D6.4). Furthermore, there is little research related 
to the influence of the subtropical Atlantic on precipitation across southern Africa.  
 
Table 6. 5 Multivariate analysis of Windhoek precipitation as influenced by El Niño 
Southern Oscillation (ENSO) and the South Western Indian Ocean (SWIO) Index nodes 
(2012-2016). 
 Multiple linear regression equation AIC RSME r2 p-value 
ppt  y = 27.61 - (15.32* MEI) + (37.07*SWIO)  337.3 32.6 0.17 < 0.05 
Note: ppt is monthly precipitation amount in mm 
 
6.4 Conclusions 
Precipitation isotopes sampled from Windhoek over the period 2012-2016 suggest 
significant modification by local meteorological parameters, accounting for 47-53% of the 
isotope variability. The most influential local meteorological parameters at both event and 
monthly scales indicated substantial sub-cloud evaporation at the site, consistent with the 
semi-arid classification of the site and the meteorological droughts that occurred during 
this period. At the same time, sub-cloud evaporation may have resulted in significant 
modification of stratiform precipitation such that it was indistinguishable from convective 
precipitation using individual isotopes, resulting in isotopic compositions (δ18O, δ2H and 
δ17O) that were independent of precipitation type. This suggests that precipitation δ18O, 
δ2H and δ17O in arid and semi-arid environments could be independent of precipitation 
type, at least for Windhoek. However, it is still possible to differentiate stratiform 
precipitation from convection precipitation based on d. Trajectory analyses suggested that 
precipitation events experienced at the site could be broadly classified into two groups: 
Indian and subtropical South Atlantic Ocean sourced. Contrary to popular perception, these 
results suggest that the subtropical South Atlantic Ocean generates a non-negligible amount 
of precipitation events over Windhoek. Therefore the influence of the subtropical South 
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Atlantic Ocean on southern African precipitation and climate could currently be 
underestimated. At the same time, δ'17O-δ'18O in conjunction with HYSPLIT back 
trajectories identified four precipitation source clusters. Two of these cluster sources were 
consistent with the positions of the Indian Ocean dipole and the subtropical Indian Ocean 
dipole while the remaining clusters had similar origins in the subtropical South Atlantic 
Ocean, consistent with simulations of a possible dipole in the subtropical South Atlantic 
Ocean (Nnamchi et al. 2011). If such a dipole exists, this could influence precipitation over 
southern Africa and understanding it would improve forecasting efforts over the region or 
at least Windhoek and parts of South Africa. δ'17O-δ'18O appeared a much better tracer of 
environmental conditions at the evaporation site than d which was significantly influenced 
by meteorological conditions at the precipitation site. At the same time, δ'17O-δ'18O 
appeared to reflect differences between El Niño and non-El Niño related droughts, 
suggesting δ'17O-δ'18O could be a novel tool to differentiate drought causes; synoptic vs. 
mesoscale, respectively. Finally, the temporal isotope variability exhibited by this semi-
arid site compared to tropical sites suggests pan-tropical mechanisms may be controlling 
precipitation isotope compositions but the nature of this mechanism(s) we believe is still 
elusive. 
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CHAPTER 7: CONCLUSIONS 
 
Stable water isotopes (δ18O, δ2H and δ17O) are important tools that aide our 
understanding of dryland ecohydrological processes. We demonstrate for the first time, 
using novel isotope methods (δ17O vs. δ18O), that fog and dew can be differentiated based 
on their different isotope fractionation processes. This distinction is important because 
vegetation may be differentially adapted to harvesting fog and dew (Roth-Nebelsick et al. 
2012, Ebner et al. 2011, Esler et al. 1999), thus the increase of one of these components 
does not necessarily translate to the same species composition or distribution. These results 
suggest that fog and dew components in ecological models predicting the potential impact 
of global climate change in non-rainfall dominated ecosystems, should be considered 
separately.  
It is generally assumed that advective fog is the architect of the Namib fog-zone, 
but isotope results suggest that multiple fog and dew types occur regularly in this area. 
Furthermore, groundwater may be recycled via evapotranspiration and redistributed in the 
upper few cm of the soil profile as fog and dew, where it becomes available to fauna and 
flora unable to directly tap into the groundwater. Therefore, the importance of groundwater 
in these dryland environments could be underestimated. The results also suggest a potential 
advection-radiation fog shift along the edges of the Namib fog-zone. Extension of fog up 
to 60 km inland, in the Central Namib Desert, could be related to evapotranspiration from 
the Kuiseb and Swakop Rivers as well as mixed and radiation fog formed in the area. If 
this advection-radiation shift hypothesis is true, then this might result in lower fog 
frequency, biodiversity and a shift in species composition and distribution along the current 
edge of the fog-zone. This is because radiation fog is spatially variable and its dominance 
along the edge of the fog-zone is probably related to a decrease in advective fog than an 
increase in radiation fog frequency. Consequently, fog input to the area is decreasing with 
frequency dropping 56% from 2001 (Henschel and Seely 2008) to the time of this study 
and is predicted to continue decreasing in the future due to global climate change (Haensler 
et al. 2011). In addition, radiation fog is confined to topographic lows and ephemeral 
channels (Eckardt et al. 2013), while fauna such as the fog-harvesting beetle (Onymacris 
unguicularis) position themselves on dune crests to harvest fog. Reports from the Gobabeb 
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Training and Research Centre corroborate this, suggesting Onymacris unguicularis range 
may be shifting closer to the coast. Furthermore, what may appear as a single fog event 
over the Central Namib Desert might actually consist of multiple fog types i.e., advective, 
mixed and radiation. 
Fog and dew may be exploited as supplementary water resources and average yields 
could be improved substantially by adoption of materials designed specifically for fog and 
dew harvesting. However, we urge caution on potability of this water and advise trace 
metal and biological analyses before use, as these two tests are often ignored and yet they 
could be of major concern when fog and dew are considered. Fog and dew scrub 
atmospheric pollutants and when coupled with their acidity, may result in elevated trace 
metal concentrations that may be of concern to human health (Sträter et al. 2010). At the 
same time, by their nature as open collection water systems are prone to biological 
contamination.  However, there are simple measures that can be taken to address these 
concerns without significantly impacting the cost of potable water from these systems 
(Sharan et al. 2017, Schemenauer and Cereceda 1992). For example, liming to increase pH, 
use of filters and disinfection (Muselli et al. 2006, Sträter et al. 2010, Sharan et al. 2017). 
After these corrective measures, we believe fog and dew to be potable and could play an 
important role in dryland systems, supplementing existing water resources. At the same 
time, the efficiency of fog and dew harvesting projects could be improved significantly by 
adopting materials and designs designed specifically for these tasks.   
Despite the potential of fog and dew as potable water resources, they will likely 
always play a supplementary role to traditional water resources. Therefore, even though 
non-rainfall water harvesting may ameliorate water scarcity, there is need to understand 
precipitation patterns and controls in drylands as this is the main source of water even 
though unpredictable. Global isoscapes do not scale down well or capture local variations 
in data scarce regions but reflect global trends. Therefore, their application to drylands and 
developing nations should be treated with caution. However, these regions may have 
historical precipitation isotope data that may be used to generate isoscapes based on 
arithmetic means (Dutton et al. 2005). Although, absolute values generated from this 
method are questionable, the trends and variations were consistent with synoptic weather 
patterns that influence precipitation over the region and the country. This suggests that the 
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value of historical data and locally generated isoscapes is in deciphering trends and not 
absolute values. The results also suggest relative humidity and elevation as the key drivers 
of precipitation isotopes across Namibia, consistent with the classification of the country 
as semi-arid to arid climate. The locally generated isoscape also suggested that the Atlantic 
Ocean may contribute significantly to precipitation over Namibia and Southern Africa, in 
contrast to the accepted narrative where contributions are generally considered negligible.  
Backward trajectory analyses of precipitation events over Windhoek was consistent 
with the local isoscape, which suggesting 21% of precipitation between 2012 and 2016 
originated from the Atlantic Ocean. Interestingly, these precipitation events originated 
from the same region, subtropical Atlantic Ocean, consistent with an area of warming 
simulated by Nnamchi et al. (2011). These results therefore suggest the existence of a sub-
tropical Atlantic Ocean dipole that may influence precipitation over Windhoek, Cape Town 
and possibly southern Africa. These results also suggest that the subtropical Indian Ocean 
may be the major source of precipitation events over southern Africa, at least Windhoek, 
in contrast to earlier studies which suggest the tropical Indian Ocean as the dominant source 
(D'Abreton and Lindesay 1993, Reason and Mulenga 1999). Similar to the locally 
generated precipitation isoscapes, relative humidity was the most significant isotope driver. 
However, multiple regression analysis suggests that 47-53% of δ18O, δ2H and δ17O 
variability and 55% of d variability was related to local meteorological conditions. Thus d 
cannot be regarded as a conservative environmental tracer of evaporation conditions at the 
origin (Welp et al. 2012, Lai and Ehleringer 2011). However, 17O vs 18O appeared a more 
conservative tracer of environmental conditions at the source and may be useful in 
differentiating drought causes: synoptic (El Niño) vs. mesoscale (local).  
In conclusion, the use of stable water isotopes to investigate ecohydrological 
processes in Namibia suggest that multiple fog and dew types occur regularly in the Namib 
Desert and that the role of groundwater in dryland ecohydrology may be underestimated. 
Fog is spatially and temporally variable, and what may appear as a single fog event may 
comprise many different fog types. Fog and dew are controlled by different fractionation 
processes despite both being condensation reactions. The Atlantic Ocean may play a 
significant role in determining precipitation patterns in southern Africa, at least Windhoek, 
in contrast to popular perception. Global isoscapes do not scale down well in drylands and 
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developing nations, thus caution is advised when applied to these regions. Finally, 17O vs 
18O may be a more conservative environmental tracer compared to d and may be a useful 
tool to differentiate different drought causes. 
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CHAPTER 8: SUPPLEMENTAL MATERIALS 
 
Appendix A: Non-rainfall water origins and formation mechanisms 
Note A2.1: Wind direction and speed measurements. 
Automatic wind measurements started in November 2015 therefore we made use 
of manual observations made three times daily at 08:00hrs, 14:00hrs and 20:00hrs. Kaseke 
et al. 2012 shows that fog and dew moisture advected to the site lags behind that of a site 
(Kleinberg) west of Gobabeb Research and Training Centre. Based on this, we made the 
assumption that relatively high wind speeds with a general westerly wind direction at 
20:00hrs should give a general indication of the source of advective fog and dew observed 
at the study site. Kaseke et al. 2012 also shows that dew formation at the site generally 
occurs between 04:00 – 07:00hrs, therefore we made the assumption that wind direction at 
08:00hrs generally reflects the source of locally derived fog and dew and that the speed 
would be generally low. Because mixed fog is a combination of both the advected and local 
moisture, we made the assumption that both observations at 20:00hrs and 08:00hrs were 
equally important thus we averaged the two (Table A2.2). We acknowledge the uncertainty 
of the wind data due to lack of automatic instrumentation; however, we present this data 
as an additional line of evidence to verify our fog and dew classification (methods).  
In general advective fog originated from the south-west (median 230°), mixed fog 
from west-south-west (median 260°) while radiation fog originated from south (median 
180°) of the site. This data is generally consistent with expectations indicating advective 
and mixed fog have westerly origins (Atlantic Ocean) while radiation fog originates from 
a southerly direction consistent with the position of the river at the study site. Wind speeds 
attributed to advective fog (4.0 ms-1) were higher than both those for mixed (3.8 ms-1) and 
radiation fog, which is also consistent with expectation. In general, advective dew 
originated from the south-west (median 205°) while the locally derived dew originated 
from the south-east (median 166°) (Table A2.2). We expected higher wind speeds would 
transport moisture to the site resulting in advective dew formation while locally generated 
dew would have slower speeds or calm conditions. The data generally supports this, 6.5 
ms-1 vs 2.1 ms-1 for advective dew and locally generated dew, respectively (Table A2.2). 
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Table A2. 1 Isotopic composition and d-excess of individual precipitation events captured 
during 2014-2015. 
Sample ID Date δ18O ‰ δ2H ‰ δ17O ‰ d ‰ 
Rain 1 11/02/2014 3.41 30.04 2.62 2.79 
Rain 2 13/02/2014 5.28 43.79 3.26 1.58 
Rain 3 03/01/2014 1.72 12.05 0.88 -1.72 
Rain 4 04/01/2014 -2.63 -32.63 -4.11 -11.57 
Rain 5 24/09/2014 3.05 10.37 1.49 -14.02 
  
1
7
0
 
Table A2. 2 Isotopic composition and classification of individual fog, dew, groundwater and river samples captured between 2014 and 
2015. The wind direction (azimuth degrees) and speed (m/s) that may have influenced formation (Note A2.1) are also shown. 
ID δ18O ‰ δ2H ‰ δ17O ‰ Classification Wind direction Wind speed Date 
F1 -1.5 -2.14 -0.62 Advective fog 130° 3.0 21-Sep-14 
F2 -1.04 -1.12 -0.24 Advective fog 270° 4.0 2-Jan-14 
F3 -0.52 +3.01 +0.03 Advective fog 230° 5.0 25-Nov-14 
F4 0.00 +10.79 +0.25 Advective fog 180° 5.0 24-Oct-14 
F5 -0.07 +7.69 +0.22 Advective fog 270° 3.0 4-Oct-14 
F6 -0.49 +4.41 -0.08 Advective fog 180° 5.0 24-Oct-14 
F7 -1.94 -7.34 -1.23 Advective fog 230° 5.0 23-Oct-14 
F8 -0.94 -0.74 -0.69 Advective fog 230° 2.0 3-Oct-14 
F9 -0.98 -0.78 -0.52 Advective fog 130° 6.0 9-Sep-14 
F10 -0.33 +5.19 +0.41 Advective fog 230° 2.0 3-Oct-14 
F11 -1.08 -2.61 -0.06 Advective fog 180° 6.0 29-Dec-14 
F12 -0.97 -0.32 -0.43 Advective fog    
F13 -0.72 +1.04 +0.08 Advective fog 230° 4.0 12-Sep-14 
F14 -0.94 -1.11 -0.56 Advective fog 230° 3.0 5-Mar-14 
F15 +0.45 +10.42 +0.51 Advective fog    
F16 -0.84 -4.18 -0.81 Mixed fog 180° 3.5 10-Sep-14 
F17 -0.43 -0.77 -0.27 Mixed fog 270° 4.5 11-Jan-15 
  
1
7
1
 
F18 -0.02 +3.35 +0.12 Mixed fog 315° 4.5 7-Jan-15 
F19 +0.09 +2.63 +0.08 Mixed fog 335° 6.5 25-Aug-14 
F20 +0.54 +9.60 +0.45 Mixed fog 230° 3.5 23-Sep-14 
F21 +0.25 +6.00 +0.42 Mixed fog 270° 4.0 23-Mar-14 
F22 -1.47 -7.36 -0.86 Mixed fog 140° 3.0 4-Mar-14 
F23 -0.82 -2.63 -0.26 Mixed fog 250° 3.0 1-Apr-14 
F24 -0.55 -1.35 -0.40 Mixed fog 180° 4.5 25-Jun-14 
F25 -1.01 -5.19 -0.80 Mixed fog 270° 3.5 22-Feb-14 
F26 +3.89 +22.16 +1.10 Radiation fog (rain) 310° 3.0 29-Sep-14 
F27 +3.20 +19.14 +1.84 Radiation fog (rain) 310° 5.0 18-Aug-14 
F28 +4.26 +26.54 +2.30 Radiation fog (rain)    
F29 +0.88 +5.56 +1.08 Radiation fog (groundwater)    
F30 +0.98 +7.23 +0.81 Radiation fog (groundwater) 50° 3.0 6-Mar-14 
F31 +0.14 +0.15 +0.39 Radiation fog (groundwater) 50° 0.0 22-Jan-14 
F32 -0.78 -4.70 -0.21 Radiation fog (groundwater) 360° 4.0 21-Feb-14 
F33 -1.31 -10.66 -1.10 Radiation fog (groundwater) 90° 2.0 4-Aug-14 
F34 +6.98 +34.05 +3.56 *Radiation fog (groundwater) 130° 2.0 20-Jan-14 
F35 +11.42 +56.28 +6.51 *Radiation fog (groundwater) 310° 3.0 29-Nov-14 
F36 +10.99 +55.19 +6.16 *Radiation fog (groundwater) 360° 7.0 16-Dec-14 
F37 +4.32 +22.67 +2.29 *Radiation fog (groundwater)    
  
1
7
2
 
F38 +9.64 +57.90 +4.74 *Radiation fog (groundwater)    
D1 -1.74 -10.73 -1.65 Groundwater sourced dew   28-Dec-13 
D2 -2.9 -13.93 -2.07 Groundwater sourced dew 130° 3.0 31-Jul-14 
D3 +0.30 +3.20 -0.33 Groundwater sourced dew 50° 2.0 10-Dec-14 
D4 -6.76 -28.19 -4.11 Groundwater sourced dew 360° 2.0 16-Oct-14 
D5 -3.34 -14.16 -2.10 Groundwater sourced dew 180° 2.0 30-Jul-15 
D6 +0.34 +3.08 -0.24 Groundwater sourced dew 130° 2.0 4-Aug-15 
D7 +0.88 -10.06 -0.23 Shallow soil sourced dew 230° 2.0 2-Aug-14 
D8 +1.75 +1.38 +0.43 Shallow soil sourced dew 90° 2.0 4-Aug-14 
D9 +2.24 +1.06 +0.51 Shallow soil sourced dew 130° 2.0 5-Aug-14 
D10 -5.51 -37.21 -3.32 Shallow soil sourced dew 230° 1.0 7-Aug-14 
D11 -1.17 -19.36 -1.13 Shallow soil sourced dew    
D12 +3.13 +5.60 +1.19 Shallow soil sourced dew 130° 3.0 31-Jul-15 
D13 +0.04 +6.68 -0.91 Advective dew 180° 6.0 25-Jul-14 
D14 -0.07 +8.72 -0.68 Advective dew 230° 7.0 26-Jul-14 
D15 -6.01 -15.62 -3.71 Advective dew    
G1 -9.12 -65.38 -4.89 Shallow groundwater   6-Aug-14 
G2 -8.98 -61.05 -4.44 Shallow groundwater   24-Jul-14 
G3 -9.62 -64.72 -4.44 Shallow groundwater   5-Aug-15 
G4 -9.62 -64.73 -4.40 Shallow groundwater    
  
1
7
3
 
G5 -6.67 -46.37 -3.59 Deep groundwater   5-Aug-14 
G6 -6.93 -45.40 -3.26 Deep groundwater   6-Aug-15 
R1 -11.49 -85.11 -6.51 River water   23-Dec-13 
Note: 1. * refers to samples that show evidence of evaporative enrichment. 
          2. wind speed and direction are manual measurements 
          3. the river flowed for two days from the 23rd-25th December 2013 
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Table A2. 3 Monthly rainfall that could have influenced fog and dew formation at Gobabeb 
Research and Training Centre during the observation period. 
 
Month 
Rainfall amount (mm) 
2013 2014 2015 
January 0 2.16 4.93 
February 0 7.92 0 
March 21.70 0 0 
April 0 2.69 0 
May 0 0.36 0 
June 0 0 0 
July 0 0 0 
August 0 4.4* 0.44 
September 17.97 0.64 0 
October 0 0 0.17 
November 0 0.13 0 
December 1.71 0 8.66 
Note: *recorded in a weather station 13 km from the study site. 
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Figure A2. 1 Hybrid Single-Particle Langragian Integrated Trajectory (HYSPLIT) model 
(Stein, 2015) 48hr backward trajectory analysis of the five precipitation events captured at 
Gobabeb Research and Training Centre during the observation period.  
 
References 
Kaseke, KF, AJ Mills, K Esler, J Henschel, MK Seely, and R Brown. 2012. "Spatial 
Variation of “Non-Rainfall” Water Input and the Effect of Mechanical Soil Crusts 
on Input and Evaporation."  Pure and Applied Geophysics 169 (12):2217-2229. 
Stein, AF, RR Draxler, GD Rolph, BJB Stunder, MD Cohen, and F Ngan. 2015. "NOAA’s 
HYSPLIT atmospheric transport and dispersion modeling system."  Bulletin of the 
American Meteorological Society 96 (12):2059-2077. 
 
 176 
Appendix B: Fog spatial distributions over the Central Namib Desert - an isotope 
approach. 
 
Table B3. 1 The GPS coordinates of the FogNet (FN) and temporary stations used in the 
study.  
Station name latitude longitude 
Coastal MET_FN -23.0563 14.625 
Kleinberg_FN -22.9893 14.7279 
Soophies Hoogte_FN -23.0068 14.8908 
Marble koppie_FN -22.9695 14.9897 
Vogelfederberg_FN -23.08 15.0289 
Station 8_FN -23.2653 15.05563 
Aussinanis_FN -23.4435 15.0459 
Gobabeb_FN -23.5603 15.0404 
Station 1 -23.4719 14.97056 
Station 2 -23.278 14.76598 
Station 3 -23.0344 14.72111 
Station 4 -23.0164 14.72389 
Station 5 -23.5636 15.02222 
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Table B3. 2 Isotopic characteristics of fog at each observation site on each day when fog 
was recorded. The dashes (-) indicate insufficient sample for analysis, n/a indicates no fog 
was recorded and (*) means the site was not yet established. 
 10 June 2016 17 June 2016 18 June 2016 19 June 2016 
ID δ18O‰ δ2H‰ δ18O‰ δ2H‰ δ18O‰ δ2H‰ δ18O‰ δ2H‰ 
MET -0.50 -5.22 -0.80 -9.82 -0.60 +1.59 - - 
KB +0.11 +0.58 -1.33 -14.70 -0.70 -0.13 -0.89 -2.95 
S3 -0.26 -3.49 -0.87 -12.12 -0.83 -1.15 -1.03 -3.20 
S4  -0.37 -3.78 -0.61 -11.92 -0.78 +0.31 -0.67 -2.35 
SH -0.83 -6.73 -2.31 -19.41 -1.92 -11.79 -1.30 -6.91 
MK +0.66 +1.85 +2.02 +7.48 -2.60 -18.33 -1.76 -10.23 
VF -0.11 -2.73 -3.60 -28.19 -4.45 -33.19 -1.99 -15.80 
S8 - - n/a n/a - - -0.83 -7.51 
AU +3.03 +22.43 n/a n/a +3.94 +9.99 -0.90 -6.97 
GBB -0.76 -0.58 n/a n/a -1.31 -14.36 -1.72 -12.14 
S5 * * n/a n/a -0.70 -12.78 -1.40 -13.32 
S1 -0.24 -1.02 n/a n/a -1.85 -15.83 -1.57 -11.34 
S2 -0.15 -1.27 n/a n/a -1.29 -8.91 -0.86 -5.52 
Note: MET: Coastal MET, KB: Kleinberg, SH: Sophies Hoogte, MK: Marble Koppie, VF: 
Vogelfederberg, S8: Station 8, AU: Aussinanis, GBB: Gobabeb. S1-S5 are five temporary 
stations. 
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Table B3. 3 Average air temperature (°C), soil temperature (°C) at 10 cm depth, relative 
humidity (RH %), dewpoint temperature (°C), wind speed (m/s) and median wind direction 
(°) during fog observation hours at each FogNet station on days with observed fog. 
Date Station Air temp Soil temp RH Dewpoint Speed Direction 
10/6/2016 MET 12.2 17.5 100 12.2 1.1 259 
KB 12.6 17.8 100 12.6 1.2 302 
SH 12.5 18.5 99 12.3 1.4 245 
MK 12.4 17.8 98 12.0 1.3 206 
VF 12.4 15.3 98 12.1 2.1 104 
S8 13.6 16.8 94 12.6 2.2 122 
AU 13.5 16.5 95 12.6 2.1 175 
GBB 13.4 18.2 94 12.5 1.4 279 
 
 
17/06/2016 
MET 8.8 15.0 98 8.5 2.3 59 
KB 8.6 15.2 98 8.2 1.7 108 
SH 10.6 16.8 87 8.5 2.2 67 
MK 14.6 16.6 75 10.2 2.1 78 
VF 11.4 12.8 75 7.1 3.2 45 
 
 
 
 
18/06/2016 
MET 10.0 15.4 99 9.8 1.1 266 
KB 10.2 16.2 99 10.1 1.9 327 
SH 8.2 15.4 99 8.1 1.4 342 
MK 8.1 14.5 97 7.6 0.8 265 
VF 8.0 11.4 91 6.7 2.0 45 
S8 6.4 12.4 83 3.8 2.0 84 
AU 7.1 11.7 92 5.9 1.5 299 
GBB 7.7 14.5 90 6.1 1.0 115 
 
 
 
 
19/06/2016 
MET 9.3 14.3 97 8.9 1.9 171 
KB 8.7 14.5 99 8.6 1.6 142 
SH 8.3 15.5 99 8.1 1.3 289 
MK 7.3 14.0 99 7.1 1.1 268 
VF 7.1 11.0 98 6.9 1.7 226 
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S8 6.4 12.2 96 5.9 1.8 61 
AU 6.5 11.7 98 6.2 1.7 323 
GBB 6.5 13.9 96 6.0 0.9 93 
Note: MET: Coastal MET, KB: Kleinberg, SH: Sophies Hoogte, MK: Marble Koppie, VF: 
Vogelfederberg, S8: Station 8, AU: Aussinanis, GBB: Gobabeb. S1-S5 are five temporary 
stations. 
 
Table B3. 4 Fog yield in ml for each fog event observed over the sampling period. Two 
types of passive fog collectors were used: cylindrical for the FogNet (FN) stations with the 
exception of Gobabeb and flat 1 m2 for Gobabeb and Stations 1-5 (in bold). 
 
Station name 
Date 
10th June 17th June 18th June 19th June 
Coastal MET_FN 100 405 7.5 <2 
Kleinberg_FN 100 30 100 22 
Soophies Hoogte_FN 100 6 75 52 
Marble koppie_FN 150 2 43 76 
Vogelfederberg_FN 250 2 4 100 
Station 8_FN n/a 0 <2 46 
Aussinanis_FN 60 0 <2 46 
Gobabeb missing 0 650 550 
Station 1 2000 0 600 600 
Station 2 1900 0 1270 340 
Station 3 1000 1600 2360 560 
Station 4 1800 2900 1640 670 
Station 5 n/a n/a 65 350 
Note: Because different types of collectors were used we cannot compare the yields 
between the different types of collectors.  
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Figure B3. 1 Surface water ponding at Vogelfederberg on the 10th June 2016. Evidence of 
recent rainfall activity on the 6th and 7th June 2016. CREDIT: K.F.K./Indiana University–
Purdue University Indianapolis  
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Figure B3. 2 The groundwater isotopic composition of the Swakop River and its relation 
to the Gobabeb local meteoric water line (LMWL). The GMWL is included as a reference, 
the LMWL is adapted from Kaseke et al (2017) and the Swakop River isotopic composition 
is from Marx (2009). 
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Figure B3. 3 Specific humidity changes at Vogelfederberg FogNet station with the fog 
hours for the 17th June 2016 fog indicated. The daylight (06:30 – 17:15 hrs) and night time 
hours are also indicated. 
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Appendix C: An analysis of precipitation isotope distributions across Namibia using 
historical data 
 
Dataset C1 Rainfall database with isotopic compositions and associated physical and 
meteorological conditions of the sampling sites 
https://doi.org/10.1371/journal.pone.0154598.s001.
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Appendix D: Precipitation origins and key drivers of precipitation isotope (18O, 2H, 
17O) compositions over Windhoek 
 
Table D6. 1 The Windhoek weighted LMWLs at annual and inter-annual scale calculated 
using the Local Meteoric Water Line Freeware programme (Crawford et al. 2014). 
Year n PWLSR PWRMA PWMA 
2012-2013 26 y = 6.7163 + 4.8301 y = 6.8296 + 5.0283 y = 6.9401 + 5.2214 
2013-2014 37 y = 7.8266 + 6.6796 y = 7.8490 + 6.8822 y = 7.8708 + 7.0789 
2014-2015 19 y = 7.3435 + 7.9222 y = 7.4846 + 8.3717 y = 7.6233 + 8.8139 
2015-2016 27 y = 6.9287 + 5.2171 y = 7.0266 + 5.4940 y = 7.1219 + 5.7638 
2012-2016 109 y = 7.5551 + 6.0685 y = 7.6201 + 6.4045 y = 7.6834 + 6.7320 
*Note: PWLSR (precipitation weighted ordinary least squares regression), PWRMA 
(precipitation weighted reduced major axis) and PWMA (precipitation weighted major 
axis) 
 
Table D6. 2 Annual precipitation totals based on the hydrologic year (Oct-Sept) from the 
National Botanic Research Institute (NBRI), Southern Africa Science Service Centre for 
Climate Change and Adaptive Land-use (SASSCAL) weather station, Windhoek 2012-
2016. The ‘normal’ precipitation is a long-term average from the Namibia Meteorological 
Services. 
Year Precipitation total (mm) 
2012-2013 123.7 
2013-2014 556 
2014-2015 244.7 
2015-2016 309 
Normal 356.3 
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Table D6. 3 Distribution of Windhoek annual precipitation between early and late summer 
measured over 2012-2016. 
Precipitation  2012-2013 2013-2014 2014-2015 2015-2016 
Early summer, Oct-Jan 39.5 33.8 55.0 64.6 
Late summer, Feb-Apr 49.9 65.7 41.8 29.3 
Oct-Apr (% of annual) 89.4 99.5 96.8 93.9 
 
Table D6. 4 Significant relationships between monthly precipitation isotopes and monthly 
weather data from the National Botanic Research Institute (NBRI), Windhoek 2012-2016. 
Isotope Regression equation r r2 p-value 
δ18O y =-0.30(RH) + 8.89 -0.77 0.59 ** 
y = -0.09(rainfall) + 1.86 -0.68 0.47 ** 
y =-0.58(min. temp) + 5.34 -0.39 0.15 * 
δ2H y = -1.98(RH) + 62.73 -0.69 0.48 ** 
y =-0.64(rainfall) + 18.61 -0.67 0.45 ** 
y =-4.04(min. temp) + 42.76 -0.38 0.14 * 
δ17O y =-0.16(RH)+ 4.56 -0.77 0.59 ** 
y = -0.05(rainfall) + 0.95 -0.69 0.48 ** 
y =-0.30(min. temp) + 2.75 -0.39 0.15 * 
d y = 0.44(RH) – 8.40 0.52 0.27 ** 
 
Table D6. 5 Significant relationships between volume weighted monthly precipitation 
isotopes and monthly weather data from the National Botanic Research Institute (NBRI), 
Windhoek 2012-2016. 
Isotope Regression equation r r2 p-value 
δ18O y =-0.10(rainfall) + 0.19 -0.93 0.86 ** 
y = -0.20(RH) + 0.50 -0.60 0.36 ** 
δ2H y = -0.07(rainfall) + 1.51 -0.89 0.80 ** 
y =-0.14(RH) + 3.50 -0.55 0.30 ** 
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Table D6. 6 Univariate analysis of event scale precipitation isotopes and stratiform 
fraction, Windhoek 2012-2016. 
Isotope Regression equation r r2 p-value 
δ18O y = 0.07(stratiform) - 8.27 0.29 0.09 > 0.05 
y = 0.42(ppt. rate) - 4.20 0.05 0.00 > 0.05 
δ2H y = 0.41(stratiform) - 54.82 0.25 0.06 > 0.05 
y =6.63(ppt. rate) - 35.63 0.12 0.01 > 0.05 
δ17O y = 0.03(stratiform) - 4.29 0.29 0.08 > 0.05 
y = 0.24(ppt. rate) - 2.22 0.06 0.00 > 0.05 
d y = 3.25 (ppt. rate) - 2.01 0.37 0.14 > 0.05 
Note: stratiform is stratiform fraction (%) and ppt. rate is precipitation rate (mm/hr) 
 
  
1
8
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Table D6. 7 Influence of precipitation type (convective and stratiform) on precipitation isotope compositions sampled from Windhoek 
between 2012 and 2016, (n = 24). Precipitation type was obtained from TRMM and GPM satellite data.   
 
Note: strat. is stratiform, con. is convective, com. is combined (stratiform and convective), Ath is arithmetic mean, WA is weighted 
average and RNG is range.      
 
ppt 
 Mean δ18O‰ Mean δ2H‰ Mean δ17O‰ Mean d‰ 
n Ath WA RNG Ath WA RNG Ath WA RNG Ath RNG 
strat 16 +1.88 -2.63 -15.71 - +7.32 -14.36 -17.84 -122.19 - +45.83 -0.98 -1.36 -8.12 - +3.85 +0.70 -15.2 - +10.4 
con 8 -6.88 -3.55 -15.84 - +2.62 -47.44 -25.23 -119.95 - +23.82 -3.60 -1.86 -8.24 - +1.23 +7.64 +1.6 - +19.8 
com 24 -3.55 -6.18 -15.84 - +7.32 -25.39 -43.07 -122.19 - +45.83 -1.85 -3.21 -8.24 - +3.85 +3.0 -15.5 - +19.8 
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Figure D6. 1 El Niño Southern Oscillation (ENSO) trends measured using the Oceanic 
Nino Index for the period 2012-2016. An ENSO phase is defined by at least three months 
continuous data above or below ± 0.5, with months not satisfying this criteria considered 
neutral (black dots). A positive ENSO phase (+) is denoted by red dots while a negative 
ENSO (-) phase is denoted by blue dots.  
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a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
 
Figure D6. 2 The Annual weighted and unweighted precipitation isotopes vs precipitation 
amount: a) weighted δ 18O, b) unweighted δ 18O, c) weighted δ 2H, d) unweighted δ 2H, e) 
weighted δ 17O and e) unweighted δ17O.  
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Figure D6. 3 The subtropical Indian Ocean dipole (SIOD) as measured by the South 
Western Indian Ocean Index for the period 2012-2016. An SIOD phase is defined by at 
least three months continuous + or -data, with months not satisfying this criteria considered 
neutral (black dots). A positive SIOD phase (+) is denoted by red dots while a negative 
SIOD (-) phase is denoted by blue dots.  
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Figure D6. 4 The location of the South Atlantic Dipole (SWP (10°W–40°W, 25°S–40°S) 
and NEP (10°E–20°W, 0°S–15°S)) used for defining the South Atlantic Dipole Index 
(Nnamchi et al. 2011) and the position of the secondary dipole defined here as: SWP 
(10°W–40°W, 25°S–40°S) and SEP (0°–15°E, 30°S–45°S). Where SWP is the south-west 
position of the dipole, NEP is the north-east position and SEP is the south-east position. 
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Dataset D1 Event and monthly precipitation samples, isotopes and associated 
meteorological data used in the manuscript 2018JD028470-sup-0002-Data_Set_SI-
S01.xls 
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